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Southwest  Research  Institute  developed  an  eddy  current  (EC)  laboratory  breadboard  inspection  system 
to  detect  second-layer  cracks  around  installed  fasteners  in  two-layer  airfirame  structures  with  the  probe 
positioned  on  the  fhst  layer  (outside  surface).  Probe  design  considered  both  cup-  and  segment-core 
configurations  as  exciter  coils  and  various  orientations  and  positions  of  sensor  coils.  Highest  sensitivity 
was  obtained  with  a  segment-core  exciter  covering  an  85-degree  segment  with  the  sensor  oriented 
normal  to  the  specimen  surface  and  placed  near  the  cote  outer  leg.  EC  data  were  presented  in  two- 
dimensional  color  images.  The  goal  of  detecting  a  2.5-mm  second-layer  flaw  through  a  first-layer 
thickness  of  6.4  mm  was  achieved  in  eight  of  nine  specimen  configurations  which  conudned  simulated 
cracks.  The  specimens  included  structure  geometries  containing  second-layer  edges,  first-layer  edges, 
adjacent  fasteners,  different  fastener  sizes,  different  flaw  orientations  around  the  hole,  and  fasteners  of 
diiTerent  materials  (titanium  and  steel).  In  fatigue  crack  specimens  supplied  by  WL/MLLP,  where 
adjacent  fasteners  were  spaced  more  closely  and  caused  interfering  signals,  flaw  detection  was  more 
difficult;  however,  a  2.5-mm  flaw  was  detected  through  a  4.5-mm  first  layer  by  comparing  the  signal 
patterns  from  adjacent  holes. 
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EXECUTIVE  SUMMARY 


BACKGROUND  OF  THE  PROBLEM 

Detection  of  seccmd-layer  cracks  around  fastener  holes  in  two-layer  airframe  structures  is  a  high- 
piituity  need  of  the  United  States  Air  Force.  The  desired  inspection  mode  is  an  eddy  current 
qsproach  that  can  be  accoiiq>lished  with  the  fasteners  in  place  and  that  positions  the  probe  on  the 
outside  surface  of  the  first  layer.  This  iQ>proach  presents  a  challenging  problem  because  second- 
layer  cracks  must  be  detected  through  the  first  layer,  and  the  first  layer  attenuates  the  eddy  cur¬ 
rents.  In  addition,  the  geometrical  configuratimi  of  the  layers  and  of  the  subsurface  structure 
complicates  the  inspection  because  they  can  result  in  signals  that  maxlr  the  flaw  signals. 

PROJECT  OBJECTIVES 

Southwest  Research  Institute  was  funded  by  die  Air  Fmce  to  address  the  problem  by  developing 
a  second-k^er  inspection  technique  to  be  a;^lied  with  the  fasteners  in  place.  The  primary  objec¬ 
tives  were  to  (1)  develop  a  laboratory  breadboard  eddy  current  inspection  device  for  second- 
layer  structure,  (2)  optimize  the  eddy  current  technique,  and  (3)  demonstrate  reliable  detection  of 
second-layer  2.54-mm  radial-length,  fastener-hole  cracks  in  realistic  airframe  strocture  with  a 
first-layer  thickness  of  6.35  mm. 

TECHNICAL  APPROACH 

The  technical  approach  involved  (1)  optimization  of  probe  design  using  three-dimensional  elec¬ 
tromagnetic  field  models  of  inrobes,  (2)  investigation  of  probe  mcdtation  modes  and  signal  proc¬ 
essing  to  discriminate  among  flaw  signals  and  structure  noise,  (3)  application  of  two-dimensional 
scanning  ccnnbined  with  color  imaging  of  the  data  to  allow  spatial  patterns  of  structural  indi¬ 
cations  to  be  more  easily  separated  from  crack  indications,  (4)  development  of  a  laboratory  bread¬ 
board  inpection  system  for  evaluatitm  of  the  above  pproaches,  and  (5)  evaluation  of  the  bread¬ 
board  using  specimens  typical  of  aircraft  structure  and  containing  common  structural  variations. 

SCOPE  OF  WORK 

Probe  design  consideied  both  cup-  and  segment-core  configurations  as  excitation  coils  and  vari¬ 
ous  orientations  aiKl  positions  of  sensor  coils  with  respect  to  the  exciter.  The  highest  sensitivity 


to  second-layer  flaws  and  best  discrimination  among  flaws  and  structure  were  obtained  with  a 
segment-core  exciter  with  the  outer  leg  of  the  core  covering  an  85-degiee  segment,  along  with  a 
sensor  (uiented  normal  to  the  specimen  surface  and  placed  near  the  core  outer  leg.  This  probe 
was  used  in  a  mode  where  circumferential  scans  around  the  fastener  were  made  at  different 
radial  positions  to  form  a  two-dimensional  scan.  Presentation  of  the  data  in  two-dimensional 
color  images  imqnoved  discrimination  among  flaws  and  structure.  An  alternate  approach  using  a 
symmetrical  cup-core  exciter  and  linear  raster  scans,  combined  with  color  imaging,  showed 
potential  for  a  nq[>id  inspection  that  requites  essentially  no  pn^  alignment  The  sensitivity,  how¬ 
ever,  is  reduced  conquaed  to  the  circumferential  scans. 

CONCXUSIONS 

In  the  breadboard  evaluation,  the  project  goal  of  detecting  a  2.5-mm  second-lay^’  flaw  through  a 
first-layer  thickness  of  6.4  mm  was  achieved  in  eight  of  the  nine  specimen  configurations  evalu¬ 
ated  with  this  layer  thickness.  The  evaluation  included  structure  geometries  containing  second- 
layer  edges,  first-layer  edges,  adjacent  fasteners,  different  fastener  sizes,  different  flaw  orienta- 
ti(His  around  the  hole,  and  fasteners  of  different  materials  (titanium  and  steel).  In  the  case  of  a 
first-layer  edge,  where  detection  of  a  2.S-mm  flaw  was  marginal,  a  3.8-mm  flaw  was  readily 
detectable.  In  specimens  supplied  by  WI/MLLP,  where  adjacent  fasteners  were  spaced  more 
closely  and  caused  interfering  signals,  a  2.S-mm  flaw  was  detected  through  a  4.S-mm  first  layer 
by  comparing  the  signal  patterns  from  adjacent  holes.  In  a  similar  specimen  with  a  6.9-mm  first 
layer,  a  2.S-nmi  flaw  was  not  detected.  Also,  a  2.S-mm  first-layer  flaw  was  detected. 

RECOMMENDATIONS 

Results  of  the  project  demonstrated  that  detection  of  second-layer  flaws  using  eddy  current  is 
feasible  and  can  be  applied  to  many  aircraft  structure  configurations.  It  is  recommended  that  the 
circumferential  scan  technique  be  validated  on  a  larger  specimen  set  consisting  of  actual  aircraft 
structure  and  then  developed  into  a  field  breadboard  system.  An  improved  multifrequency  mix¬ 
ing  approach  and  an  improved  probe  design  for  magnetic  fasteners  should  also  be  investigated. 
The  feasibility  of  combining  linear  raster-scan  technology  for  second-layer  inspection  with  the 
McDonnell  Douglas  MAUS  m  system  (currently  being  developed  for  WL/MLLP)  should  be 
investigated.  This  system  could  provide  the  mechanical  scanning  and  possibly  the  instrumenta¬ 
tion  for  in^lementation  of  a  high-speed,  second-layer  linear  rast»-scan  inspection. 
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reproduction  process  causes  a  loss  of  quality.  Color  copies  of  these  figures  may  be  obtained  by 
contacting  die  contractor. 
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1.  INTRODUCnON 


1.1  BACKGROUND  OF  THE  PROBLEM 

The  United  States  Air  Force  has  an  operational  need  to  reliably  detect  second-layer  cracks 
around  fastener  Inles  in  two-layer  airframe  struttures.  frispecti<m  techniques  such  as  removal  of  the 
fastener  and  insertitm  of  a  rotating  eddy  current  probe  in  the  fastener  hole  or  the  use  of  radiography 
have  significant  disadvantages.  Therefore,  the  Air  Fbtce  has  recognized  die  inqiortance  of  develqi- 
ing  an  eddy  current  (EC)  inspection  that  can  be  acconqilished  with  the  fasteners  in  place.  This 
presents  a  difBculty  because  sectuid-layer  cracks  must  be  detected  through  the  first  layer,  and  pene¬ 
tration  through  the  first  layer  causes  significant  attenuation  of  the  eddy  currents.  In  addition,  the 
geometry  of  the  second  layer  and  underside  of  the  first  layer  are  typically  nonunifonn  in  the  region 
of  the  fasteners;  these  geometric  variations  conqilicate  the  inspection. 

Typical  ccmfigurations  of  two-layer  airoaft  structures,  T-38  and  C-SA  wings,  are  shown  in 
Hgs.  1  and  2,  respectively.  The  T-38  omfiguration  is  for  the  fastener  connection  between  die  skin 
and  a  spar,  and  the  C-5A  configuration  is  for  a  wing-skin  spUce  joint  Many  other  configurations, 
sonae  name  cornplex,  exist  in  diese  arid  other  aircraft.  The  EC  res^nses  to  stiuctural  features,  such 
as  those  shown  in  these  figures,  topically  limit  the  sensitivity  of  the  EC  inflection  because  they  can 
produce  large  signals  which  mask  or  complicate  die  response  from  cracks.  For  example,  the  T-38 
structure  has  a  very  significant  change  in  first-layer  diickness  in  the  fastener  regions;  die  edges  of  the 
second  layer  ate  also  in  diis  region.  The  C-SA  structure  has  edges  ofboth  die  first  and  second  layers 
in  proximity  to  the  fastmer;  an  integral  rib  in  the  second  layer  is  also  presoit  All  of  these  features 
can  result  in  large  background  signals.  Other  factors  can  also  interfere  with  the  inspection.  These 

I 

include  the  diickness  of  the  layers,  presence  of  adjacent  fastener  holes,  type  of  fastmer  material,  and 
size  of  the  fastener. 

1.2  PROJECT  OBJECTIVES 

The  project  had  diree  objectives. 

(1)  Develop  a  laboratory  breadboard  EC  inspection  device. 

(2)  Optimize  the  EC  technique  for  the  inspection  of  second-layer  structures  while  the  fas¬ 
teners  are  in  place. 
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(3)  Reliably  detect  2.S4-imn  radial  length  cracks  emanating  from  the  fastener  hole  in  the 
seccmd  layer  where  the  first-layer  dtickness  is  6.35  nun. 

The  inspection  had  to  be  performed  with  a  probe  placed  on  the  surface  of  the  first  layer  and  witih  die 
fastener  in  place.  A  crack  at  any  angular  location  around  the  fastener  hole  also  must  be  detected. 
Display  of  crack  indicatioiis  must  include  die  angular  position  of  the  crack,  depth  of  die  crack  in  the 
structure,  and  layer  in  which  the  crack  is  located;  and  die  display  should  be  shown  in  teal  time.  In 
order  to  accomplish  these  objectives  in  actual  aircraft  structures,  the  EC  inspection  system  had  to 
suppress  the  variations  in  EC  response  caused  by  nonrelevant  background  sources,  which  can 
strongly  intetfse  widi  flaw  detection.  These  source  include  the  sh^  of  the  strucnire;  the  piesmce 
of  first-  and  second-layer  edges  and  ribs  or  ^lats  in  die  second  layer,  variations  in  die  thicknesses  of 
hodx  layos;  and  variations  in  the  distance  between  fastener  holes,  in  the  distance  between  the  holes 
and  the  edge  ofdie  layers,  and  in  die  hole  diametos.  In  additicHi,  the  system  must  be  able  to  compen¬ 
sate  for  the  differences  in  sensitivity  caused  by  different  fastener  mater  I  'e.g.,  steel,  aluminum, 
and  titanium). 

1.3  TECHNICAL  APPROACH 

The  technical  approach  errployed  the  following  five  elements  given  in  1.3.1  through  1.3.5. 

1.3.1  Development  of  Three-Dimensional  Electromaynetic  Field  Models  of  Probes— To 
ensure  the  best  signal-to-background  ratio,  it  was  essential  that  the  exciter  and  sensw  be  optimized 
for  second-layer  crack  detection.  This  was  acconplished  using  a  conputer  model  to  study  exciter 
core  configurations  and  sizes,  sensor  location  and  orientation,  and  excitation  frequencies. 

1 .3.2  Investigation  of  Probe  Excitation  Modes — Probe  excitation  modes  were  investigated 
for  obtaining  multiple-frequency  data.  These  included  time-dependent  frequency  (chirp)  and  multi¬ 
ple,  discrete-frequency  excitation.  [Previous  work  showed  that  multifrequency  as  well  as  pulsed 
data  can  be  easily  realized  by  chirp  waveform  excitation  (1.21.]  The  multiple-frequency  data  from 
the  excitation  modes  were  coupled  with  conputerized  multifrequency  mixing.  Multifrequency  exci¬ 
tation  and  mixing  takes  advantage  of  the  frequency-dependent  penetration  of  ECs  into  the  structure. 
The  low-frequency  signals  are  necessary  to  penetrate  into  the  second  layer  to  detect  flaws,  but  they 
also  ate  sensitive  to  first-layer  structure  a-d  to  other  variables  such  as  off-centning  of  the  probe  (for 
circumferential  scans).  The  high-frequency  signals  do  not  penetrate  into  the  second  layer,  so  they 
contain  only  the  first  layer  and  other  (e.g.,  off-centering)  responses.  Conputer  mixing  of  these 
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signals  can  help  remove  the  responses  contained  in  the  high  frequency  from  those  in  the  low 
frequency  and,  thus,  can  help  remove  extraneous  signals. 

1.3.3  Application  of  Two-nimensinnal  Scanning  Comhmed  with  Color  Imaying— Ahhnmrfi 
Structure  and  Other  extraneous  signals  can  be  reduced  by  probe  des^  and  mixing,  they  cannot  be 
ftiiminataH  An  imaging  technique,  therefore,  was  used  that  allows  tolerance  of  structural  indica¬ 
tions.  This  approach  relies  OTttwo-dimensitaal  scanning  and  presents  the  data  in  a  two-dimer  al, 
color  image.  The  image  allows  spatial  patterns  of  structural  indicatitMis  to  be  more  easily  se,  ^ 
from  crack  indications  than  if  (mly  one-dimensional  data  (e.g.,  from  a  single  scan  around  the  fas- 
tmer)  were  presented. 

1.3.4  nevelnpment  nf  a  I  .ahoratgry  Breadboard  Inspection  System  for  Evaluation  nf  the 
AppxMdi— A  laboratory  breadboard  syston  consisting  of  probes,  instnimratalion,  artd  mechanical 
scannn  was  developed.  Probes  were  desigi^  based  on  die  conqniter  noodel.  The  instrumentation 
consisted  ptitnarily  of  existing  laboratcxy  equipinent,  and  the  computer-controlled  scaniin  was  based 
on  existing  equipment  modified  as  required. 

1.3.5  Rvaliiation  of  the  Breadboard  Using  Specimens  Typical  of  Aircraft  Structure  and  Con¬ 
taining  Typical  Structural  VariatiCTis— The  breadboard  system  was  optimized  and  evaluated  using 
^ledinens  epical  of  aircraft  structure.  The  qiedineiis  included  structural  variaUes  sudi  as  first- and 
second-layer  edges,  adjacent  fasteners,  fastenos  of  diffment  sizes,  fasteners  of  different  materials 
(titanium  and  steel),  and  different  flaw  orientations  with  respect  to  edges. 
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2.  MODELING 


The  piopose  of  die  iDCxleling  was  to 

(1)  Define  a  pnd>e  cmifiguration  (excitation  coil  and  sensor)  that  maximized  the  signal  from  a 
secoodrlayer  fiaw  whik  minimizing  unwanted  agnals  from  surrounding  stnictiiie  such  as  fiist- 
and  second-li^  edges  and 

(2)  Determine  c^ximiim  excitation  frequencies  and  medKxl  of  excitati<m. 

A  commadally  available,  three-dimensional,  finite-element  conqHiter  program  (Electromagnetic 
Analysis  System  fnun  MacNeal-Scfawendler  Corp.)  was  leased  and  installed  on  a  Sun-4  wmkstation 
for  modeling  calculations.  Details  of  foe  modeling  are  described  in  section  2.1  for  probe  design  ami 
2.2  for  frequency  detenninaticm. 

2.1  PROBE  I^IGN 

Tbe  probe  configuraticm  consisted  of  an  mtdter  to  induce  edtfy  cufimits  in  the  structure  and  a 
sensor  to  detect  variations  in  foe  eddy  current  flow  caused  by  flaws.  The  objectives  of  foe  exciter 
design  were  (1)  to  obtain  a  high  current  density  in  foe  second  layer  because  foe  flaw  signal  is  ptopor- 
ticmal  to  the  current  densi^  and  (2)  to  confine  foe  current  to  an  area  immediately  adjacent  to  the 
fastener  and  away  from  edges  in  foe  structure  to  reduce  foe  response  frmn  foe  structure.  Tbebbjec- 
tives  of  foe  sensor  design  were  to  determine  the  optimum  sensor  locaritm  and  orientatirm  to  max¬ 
imize  foe  flaw  response  and  minimis  foe  structure  response.  The  probe  design  ctmsidered  the 
Allowing  items: 

(1)  Comparison  of  axisymmetric  (cup-core)  and  ntmaxisynometric  (segment-core)  exciter 
ccmfigurations 

(2)  Vaiiatimis  in  foe  radial  and  arc  Imgths  of  foe  segment-core  arm 

(3)  Response  from  a  crack  in  the  second  layer 

(4)  Response  from  second-layer  gemnetry  ({nesence  of  a  second-layer  edge) 
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(5)  Seosorpodtixmaodoneiitatioo 


(6)  Type  of  fastener  material  (magnetk  or  iMWinagneti^ 

2.1.1  Exciter— The  exdterrnnfflaBftd  of  a  coil  aiMi  a  magnelkffeirite)  core  Botfaaxisym- 
niBtik  (ci]|><oie)  and  oQoaxisyimiietik  (si^ment-«o»)  coofiguniiaiis  weie  ooosi^^ 

TV  tiwvVtl  yinwMtries  fhrhnih  cnees  m  shown  in  Fig.  3  along  wiA  mnpie  wing-StTUCture  geometry. 
Views  in  die  figure  are  for  a  slice  duough  the  cross  section,  so  only  half  oi  die  probe  and  structure 
geometry  is  diown.  fiiidally,  titanium  fiotener  material  was  used;  fix  die  s^nrent  core,  an  inidai  arc 
lengdi  of  4Sd^rees  was  selected.  In  the  figure,  blue  iqxesents  the  core;  ydlow,  die  coil;  orange, 
the  fitttener,  and  gremi,  the  wing  structure.  Rg.  4  shows  the  physical  dimensions  used  in  the 
model. 


Hg.  5  shows  die  current  distributions  (fiDequency  of  SOO  Hz)  in  die  structure,  with  red 
equal  to  the  highest  current  density  and  magenta  the  lowest  The  ciq>  core  gives  a  larger  regicm  of 
hi^  current  density  near  the  surface  (ted  area).  The  segment  core  produces  a  current  density  diat 
falls  off  less  with  dqidt  (At  die  bottom  of  the  structure  near  die  fastener,  die  current  density  with 
die  cup  core  has  decreased  to  dark  green;  die  segment  core  has  onty  decreased  to  14^  gieeiL)  This 
cutrent^lensity  disiributkn  suggests  diat  die  s^ment  core  will  provide  a  better  re^xnse  from  cracks 
in  the  seccmd  layer. 

For  radial  distances  further  fiom  the  fastoier  (e.g.,  under  die  outer  leg  of  the  core), 
current  densities  in  die  second  htyer  are  aboix  die  same  (dark  green)  for  both  core  types,  so  die  pres- 
ence  of  secmid-layer  structure  (e.g.,  an  ec^)  in  this  legitHi  would  produce  about  equal  responses. 
The  s^ment  core  produces  a  localized  region  of  hi^  current  doasity  in  the  drcumfisrential  directkn 
cmnpared  to  the  ciq>  core,  which  produces  high  current  density  around  the  mtire  fastener  circum¬ 
ference.  For  drcumferendal  scanning  of  the  fxobe,  therefore,  die  s^ment  core  will  produce  a  more 
localized  flaw  reqxmse.  For  these  reasons,  the  segment  core  should  produce  a  stnmgo*,  more 
localized  flaw  response  compared  to  the  cup  wtt,  without  a  poialty  of  an  increased  lespcmse  fin»n 
second-layer  structure.  Thus,  the  segment-c<»e  configuradcHi  was  selected  for  further  modeling. 

Additional  modeling  of  die  segment  core  involved  variations  in  die  radial  length  and 
angular  widdi  of  the  outer  arm  of  the  core.  Hgs.  6  and  7  diow  the  results  fix  arms  having  die  maxi- 
nmm  and  minimiitn  radial  loigths  (dimensitm  L  in  Fig.  4  of  4.0  and  10.4  mm,  respectively)  con¬ 
sidered  in  die  study;  both  arms  in  this  case  have  an  angular  width  of  45  degrees  (again,  cmly  half  of 
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Hgiire4.  PtiYMcal  dimcimons  of  thf.  probe  and  gtniciiim  hmH  in  nwU>i 

tiiepR4)eisdiowiimtibeidots).  Tbe  sbocter  core  (F^  7)  produces  a  higher  coEtoitdbuity  near 
fiutearethtt  is  deeper  within  the  stnictureconyared  to  tlKlongre  core  Note  that  the  region 

of  medhun  cunent  demiQr  (3fellow)  ncimds  to  die  bottom  of  die  structure  for  the  short  arm,  where 
die  long  arm  only  produces  a  smaller  current  density,  as  rqaesented  by  lig^  green  in  die  »«««*-  area. 
Thus,  die  shorter  aim  should  produce  a  stronger  signal  from  flaws  in  diis  area  coinpat«itnriif.lf»ng 
amt  Id  addition,  the  radial  extent  of  the  current  is  less  for  the  short  arm,  which  shcwild  reduce  the 
re^wnse  from  structure. 

Hg.  8  shows  the  cunent-drasity  calculadrais  frv  the  short  atm  length,  but  with  the 
angular  wkhh  increased  from  45  to  90  dqpees.  The  90-d^ree  width  produces  a  some^i^iat  broader 
n^ion  of  high  current  density  in  die  angular  ditecdoi,  but  a  higho^  current  density  deeper  widiin  the 
sldn  dian  did  die  45-degree  width.  The  moderately  high  currmt-dmisity  legimi  (orange)  extends  to 
die  bottom  of  the  htyers  fry  die  90-d^ree  segment,  but  ends  wefl  below  the  bottom  for  the  45-d^ree 
segment  No  angular  widths  greater  dum  90  degrees  were  modeled  because  this  would  have  ex¬ 
tended  die  iu^  current-dnisity  r^on  over  a  larger  angle,  dnis  resulting  in  a  broader  response  from 
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the  flaw  as  the  probe  was  scanned  circumferentially.  Based  on  these  results,  a  core  having  a  short 
arm  length  and  an  ragular  width  of  90  (tegrees  was  determined  to  be  the  best  choice  for  an  exciter 
design,  with  a  core  having  a  width  of  45  degrees  a  secondary  choice. 

Exciter  noodels  were  also  performed  using  a  steel  fastener,  which  is  ferromagnetic. 
Fig.  9  is  the  current-density  plot  for  the  same  probe  configuration  and  excitation  frequency  as  in 
Fig.  7.  G>mparison  of  diese  two  figures  shows  that  the  use  of  a  magnetic  fastener  causes  a  major 
change  in  die  current  distributimi.  This  hrqipens  because  the  magnetic  fastener  provides  a  low  reluc¬ 
tance  path  for  the  magnetic  flux  leaving  the  central  core  of  the  probe.  Flux  is  cmiducted  down 
thnnigh  the  fastener  and  then  up  around  the  edges  of  the  fastener  and  back  to  the  probe.  This  pro¬ 
duces  a  current  density  that  is  more  uniformly  distributed  around  die  fastener  than  was  the  case  with 
a  nonmagnetic  fastener. 

Hg.  10  is  another  view  of  the  same  calculadmi  with  the  probe  and  fastener  removed 
so  that  the  current  density  on  the  inside  of  the  fastener  hole  can  be  seen.  The  unexpected  result 
shown  here  is  that  the  magnetic  fastener  causes  the  current  density  to  peak  a  way  fiom  the  segment- 
core  atm  and  away  from  die  crack  region.  If,  therefore,  the  segment-core  probe  is  used  with  a  mag¬ 
netic  fastens,  the  signal  should  be  influenced  mme  by  the  unflawed  area  around  the  fastmer  in  the 
first  layer  than  by  a  crack  under  the  segment-core  arm  and  at  the  bottom  of  the  second  layer. 

A  new  probe  configuration  was  investigated  in  an  attenqit  to  improve  the  situation 
with  nuignetic  fasteners.  The  probe  shown  in  Fig.  11  is  a  shrelded  version  of  the  basic  segment-core 
design.  Ferrite  shielding  was  added  across  the  top  of  the  probe  and  around  the  sides  except  for  an  air 
gap  near  the  top.  Additional  shielding  was  added  on  the  bottom  except  for  the  region  next  to  the 
arm.  The  idea  was  to  shunt  the  flux  fiom  the  central  core  to  the  outside  shield,  thus  preventing  induc¬ 
tion  in  tire  magnetic  fastener  except  under  the  segment-core  arm.  The  partial  air  g^  near  the  top  is 
intentted  to  fence  more  flux  through  the  atm  and  down  into  the  crack  region. 

Current-density  plots  for  the  shielded  segment-cme  probe  are  shown  in  Figs.  12  and 
13.  The  ferrite  shielding  served  its  intended  purpose,  as  the  current  density  now  peaks  in  the  crack 
region  and  falls  off  nqndly  away  from  the  crack  region.  A  price  is  paid,  however,  for  this  improved 
localization  of  the  current  density.  The  peak  current  density  with  tl^  shielded  probe  is  rethiced  by 
about  a  factor  of  3  relative  to  the  unshielded  probe,  which  would  reduce  the  flaw  response.  Also, 
when  the  shielded  probe  is  used  with  a  nonmagnetic  fastener,  the  current  magnitude  and  localization 
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are  pooler  tban  widi  die  probe.  &i  additicm,  die  shielded  coil  is  a  difBcult  coofigurati<»i 

tofdxicale.  Thus,  ediile  die  shidded  core  offers  some  advantages,  it  also  has  sttne  significant  disad- 
vtttages,  and  testing  would  be  required  to  determine  how  well  it  actually  perframs. 

2.1.2  Sgiwnr — CUculatiaas  were  performed  to  detetinine  die  best  onentatkm  and  positicm 
of  die  sensing  coil  widi  respect  to  die  exciter  for  both  aqi- and  segment-core  configurttioiis.  This 
was  done  by  deteimining  die  ratio  of  die  flaw  response  widi  nspect  to  die  response  from  a  second- 
layer  edge  for  different  sensor  orkntadtxis  and  posidmis.  The  objective  was  to  detremine  the  best 
sensor  fdacemnit  by  maximizing  this  ratio. 

Hg.  14  shows  the  geometry  for  a  second-layer  edge,  and  Rg.  15  is  an  enlarged  view 
of  die  geometry  for  a  second-layer  crack.  CalculaticMis  were  performed  for  the  simple  geometry 
(Hg.  3  bottom)  and  die  geometries  in  Figs.  14  and  15  (frequency  of  SOO  Hz).  The  purpose  was  to 
determine  the  current  densities  in  the  structure  and  die  associated  magnetic-field  densities  above  die 
structure  ediere  the  sensor  would  be  located.  Because  die  sensor  ouqxit  is  proportional  to  the  mag- 
netk-field  density,  die  field  density  is  rqxesentative  of  signal  levels  from  die  flaw  and  structure. 
The  field  densrty  was  calculated  at  die  positions  shown  by  the  red  blocks  in  Hg.  16  to  determine  die 
effect  of  sensorradial  position. 

The  response  from  the  ciadc  was  determined  by  subtracting  die  flux  density  for  the 
sinqilege(«ietiy(Hg.  3  bottom)  fttxn  die  geom^widi  the  aack(Hg.  15).  The  response  of  the 
second-layer  edge  was  detemmied  in  a  similar  manner  [by  subtracting  the  flux  density  for  the  sioDple 
geometryfiromthegecmietry  widi  die  second-layer  edge  (Hg.  14)].  Because  the  primary  interest  is 
in  maximizing  the  crack  signal  widi  respect  to  die  geometric  signal,  these  data  were  used  to  conqNite 
a  ratio  of  die  flaw  signal  to  the  second-lityer  edge  signal.  These  ratios  are  shown  in  Hgs.  17  and  18 
for  the  segment-core  and  cup-core  configurations,  respectively.  These  figures  show  the  ratio  vs. 
radial  position  of  the  seosor  for  both  the  vertical  and  radial  components  of  the  magnetic  field. 
(Because  of  die  low  level  <rf  die  circumfeientialcqnponent,meaningfiil  results  were  not  obtained  for 
this  cmxqxment) 

For  die  s^ment  core  (Hg.  17),  the  maximum  ratio  was  obtained  widi  die  radial  com¬ 
ponent  for  sensor  positions  near  the  center  portion  of  the  core  (small-sensor  radial  posititms).  The 
vertical  conqKinent  was  relatively  insensitive  to  sensor  position,  as  the  ratio  was  similar  for  all 
sensor  positions.  For  the  cup  core  (Fig.  18),  the  maximum  ratio  for  the  radial  conponent  was  also 
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obtained  near  die  center  poctitn  of  the  core,  but  die  ratios  woe  someii^bat  smaller  dian  for  die  seg- 
mentcore.  This  suggests  that  the  s^ment  core  would  provide  somewhat  better  results  than  tibe  ci^ 
core. 


2.1.3  KTcitatinn  Frequmcv — ^The  optimum  exdtatiop  fieouencv  ranee  was  detennined  bv 
calculating  the  reqxxise  fiom  a  crack  as  a  functkm  (tf  fiequeocy  for  different  sensor  mieatatitHis  and 
positions.  Figs.  19  and  20  illustrate  die  effect  of  varying  die  excitation  firequmicy.  The  data  plotted 
hoe  are  the  changes  in  magnetic-flux  density  caused  by  the  presence  of  a  second-layer  crack  as  a 
function  of  sensor  positum.  The  sensors  are  oriented  so  as  to  measure  either  the  radial  or  vertical 
flux;  sensors  are  positioned  al<mg  die  line  from  the  cmiter  of  die  jnobe  to  die  center  of  die  segment- 
core  arm,  as  indicated  by  the  red  areas  in  Fig.  16. 

At  lower  frequencies,  the  radial  flux  conqxment  shown  in  Fig.  19  has  a  strong  peak 
for  soisor  positions  about  2  to  5  mm  from  die  central  core.  The  peak  respcmse  for  this  sensor  orien¬ 
tation  is  about  SOO  to  1000  Hz.  At  die  hi^iest  frequencies  (5000  and  10,000  Hz),  die  flaw  signal  is 
qiproximaleiy  zero,  as  eiqiected,  because  the  sldn  dqidi  at  diese  frequencies  is  too  small  to  allow  the 
field  to  penetrate  to  the  flaw  position. 

Fig.  20  is  a  siiiiilar  plot  for  the  vertical  flux.  Once  again,  die  maximum  flaw  signal  is 
obtained  for  sensor  posidmis  near  die  central  core.  The  optimum  frequency  seems  to  be  in  the  500- 
to  2(XX)-Hz  range,  although  it  is  ntn  as  clear  in  diis  case  as  for  the  radial  flux  because  the  votical 
conqxment  data  have  more  scatter.  At  the  highest  frequoicies,  the  signal  was  again  about  zero,  as 
expected. 

2.1.4  Modeling  Verification — All  calculatiais  of  flaw  signals  and  all  results  on  die  effects 
of  geometric  variations  involved  two  steps;  Cateulate  the  sensor  resprase  first  for  the  unflawed  case 
with  a  simple  planar  geometry.  Next,  repeat  the  calculation  with  the  flaw  in  place  or  with  some 
change  in  ge(»netty.  Thepiedictedchangescausedbytheflawarby  a  variation  in  geometry  are  the 
differences  in  calculated  sensOT  response  for  the  two  cases.  Unfortunately,  the  differences  are  almost 
always  a  very  small  fraction  of  die  total  signals,  and  the  precision  of  the  result  is  therefore  suspect 
To  voify  that  the  calculated  flaw  and  geometric  signals  give  at  least  the  correct  trends  and  may 
thnefrne  be  used  for  probe-design  purposes,  a  new  approach  for  calculating  signal  changes  caused 
by  flaws  and  geometric  changes  was  developed.  Li  addition  to  the  first  two  steps,  the  new  method 
requires  a  third  calculation  with  bounrhuy  conditions  derived  from  the  results  of  the  first  pair  of 
calculations.  The  third  calculation  provides  a  direct  pediction  of  the  change  in  signal  caused  by  the 
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flaw  or  geometric  clumge  and  should  dterefote  be  much  mote  accurate  the  differencing  method. 

^jpUcatioo  of  die  pn^ier  boundary  conditions  is.  however,  a  time-consuming  task;  and  it  was  not 
femible  to  use  this  approach  fcv  all  cases.  Instead,  a  few  cases  of  flaw-signal  calculatitms  were  per- 
fbcmed  to  compare  with  data  obtained  by  the  differencing  method. 

To  provide  an  estimate  of  the  uncertainty  in  the  previous  results,  calculations  of  flaw 
signals  were  performed  with  the  new  method  as  a  function  of  frequency  and  sensor  poutimi  for  the 
conditions  coiiesponding  to  those  of  Hg.  16.  The  new  results  confirmed  earlier  results  as  far  as  sra- 
SOT  posititm  was  concerned,  but  the  frequency  dependence  was  nuich  stronger  than  that  obtained 
earlier.  In  particular,  flaw  signals  at  higher  Ifeeqoencies  were  much  smaller  in  the  new  calculations 
than  in  the  results  obtained  by  the  differencing  method.  Although  tlte  high  frequency  error  is 
significant,  it  has  no  beating  on  the  course  of  the  experimental  work  because  flaw-signal  measure¬ 
ments  ate  conducted  only  at  low  frequencies. 


3.  EXPERIMENTAL  ARRANGEMENT/LABORATORY  BREADBOARD 


3.1  SPECIMENS 

The  qpedmen  set  used  for  die  laboratory  eiqieriixieiits  c(»sisted  of  preliminary  specimens  for 
prdiminary  tests,  specimens  containing  strucmral  variables  typical  of  those  encountered  on  aircraft 
structure,  and  specimens  containing  laboratrxy-grown  fatigue  cracks  supplied  by  WL/MLLP.  The 
spedmens  ate  described  below. 

3.1.1  Preliminafv  Specimens — A  set  of  preliminary  Specimens  was  fabricated  for  initial 
experiments  to  evaluate  probe  respmise.  The  second  layer  consisted  of  a  6.4-mm-thick  aluminum 
pb^  and  various  thicknesses  of  plates  (from  1.6  to  6.4  mm  thick)  were  used  as  first  layers.  The 
plates  cony  be  configured  to  obtain  the  following  geometries:  (1)  fastener  hole  away  fixim  any 
edges  and  a  stnm^ied  crack  emanating  from  the  second-layer  hole,  (2)  fiistener  hole  located  9.5  mm 
from  the  edge  of  the  secmid  layer  to  simulate  a  second-layer  edge  in  an  aircraft  structure,  and  (3)  die 
same  crmfiguradon  as  (2)  but  widi  a  crack  emanating  from  the  hole  (crack  orientation  perpendicular 
to  the  edge  ditecdon).  Two  sinmlated  cracks  (saw  slots)  with  dimensions  of  2.8  and  5.2  mm  radial 
length  were  used.  A  side  view  of  the  specimen  configurations  is  shown  in  Fig.  21. 

3.1.2  Specimens  with  Structure  Variabtes— A  specimen  set  was  desipied  and  fahricaied  to 
simulate  aircraft  structure  and  allow  determination  of  the  effects  of  fastener  material  hole  size  and 
spacing,  hole-to-edge  spacing,  flaw  orientadon,  and  layer  thickness.  The  qiedmens  are  shown  in 
Figs.  22  and  23.  In  the  figures,  Fn,  Fs,  and  FI  desigrute  fastener  holes  widi  no  flaw,  small  flaw  (2.5 
mm  radial  length),  and  large  flaw  (3.8  mm  radial  length),  respectively;  all  flaws  are  saw  slots  in  die 
second  lay«.  Specimen  A,  shown  in  Fig.  22,  has  three  different  hole-to-edge  spacings  for  both  the 
first  and  second  layers  and  has  holes  with  flaws  of  two  sizes  as  well  as  unflawed  holes.  Note  that  the 
hole-to-edge  spacings  for  the  second  layer  (edge  of  second  layer  shown  by  dashed  lines)  are  the 
same  as  those  shown  for  die  first  layer  (solid  lines).  Specimen  B,  shown  in  Fig.  23,  has  three  hole 
sizes,  three  hole  spacings,  and  two  flaw  orientations;  a  third  flaw  orientation  is  obtained  from 
specimen  A  in  Fig.  22.  One  set  of  flaws  in  holes  with  different  spacings  between  the  holes  is  placed 
toward  the  adjacent  holes,  since  this  is  where  dv*  largest  effect  from  the  adjacent  hole  would  be 
encountered;  another  set  is  placed  90  degrees  from  the  adjacent  hole  to  determine  the  effect  or 
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2nd  LAYER  HOLE  TO  EDGE  SPACING 


ocientatiao.  Specimms  were  fabckated  in  both  4.8-  and  6.4»inin  thicknesses  fixm  7075  T6  almni- 
mimaUoy.  Titanium  and  ^eelfiisteaers  could  be  interchanged  in  the  specimens  to  determine  the 
effected  fastener  noateiial.  Ifi-Lok  fasteners  with  a  lOO-di^ree  countersunk  head  (HLll  and  HL19 
for  titanimn  and  steel,  resqpectively)  were  used. 

3.1.3  W17MI JP  SperinMms--Pr«w^twf^-1ayer  gpwritnMit  (sampU  niwnWc  A  1.A 

A3-19,  B2>17,  and  B3>20)  were  piovidBd  by  WLAAJLP  for  use  in  die  project  The  specimen  config¬ 
uration  is  shown  schematically  in  Hg.  24,  and  specunna  and  flaw  dimensions  are  shown  in  Table  1; 
additional  details  are  provided  in  the  appendix.  The  “A”  specimens  have  first-  and  second-layer 
dudmesses  of  4.0  and  2.S  nun,  respectively;  die  *3”  qiedmens  have  thicknesses  of  6.9  and  4.5  mm, 
reflectively. 

3.2  PROBES 

The  two  probe  configuratkxis  that  the  model  showed  to  be  die  best  dioice  for  ciicumfemtial 
scans  were  the  45- and  90-degree  angular  widdiswidi  a  radial  lengdi  of  4  mno.  These  probe  designs 
were  chosen  for  the  experiments,  and  the  resulting  probe  configurations  are  described  below. 


Hgure24.  WL/MI.LP  specimen  confimiration:  layer  dimensions  and  crack  sizes  are 
mven  m  Table  1:  fastens  diameter  is  6.4  mm. 
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Jmadditiolu  a  synmietricalcupKxxie  {Kobe  was  fabricated  for  Imear  raster  scan  Because 

of  the  limitftrf  availability  of  ferrite  «»«  slu^s  and  difficulty  in  machining  the  ferrite  to  desired 
dmmsioas,  die  core  ccofiguratioos  were  based  on  tibe  closest  available  ferrite  cores,  vriiich  required 
a  minimum  amount  of  machining. 

3.2.1  8S-Degree  Probe — The  90>degree  angular-width  prc^  was  i^ipioximated  with  a 
*TQ”typecorewidianangularwiddiofiq)prcuumately 8Sd^iees.asshowninHg. 25.  Thecenler 
post  of  die  as-purchased  core  was  too  large  and  too  far  from  die  outer  leg;  it  was.  dieieftxe.  cut  from 
the  core  and  rqilaced  by  a  smaller  post  cemented  in  place  at  the  desired  radial  distance.  Anexcita- 
tion  coil  was  wcnind  around  the  center  post,  as  shown  in  the  figure. 

Sensor  coils  widi  and  without  ferrite  cores  were  fabricated;  die  cmls  were  designed  so 
that  dieir  position  and  orientation  widi  respect  to  the  exciter  core  could  be  changed  in  investigated 
qptimum  sensor  locations.  The  senscv  position  shown  by  the  solid  lines  in  Fig.  25  is  oriented  to 
(fetect  the  vertica!  component  of  the  magnetic  field,  and  the  sensor  shown  by  the  dashed  lines  is 
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orieiiled  to  detect  Ae  radial  compooeat  The  seostx  could  also  be  positioned  to  detect  die  circum- 
feieidial  componait;  diis  oneiittti<«i  is  now  shown,  but  the  sensw  aids  would  be  in  the  game  plane 
as,  and  peipradicular  to.  the  radial  sensor  axis. 

For  tests  with  magnetic  fasteners,  centring  difficulties  were  okcountered  because  of 
die  nonunifocm  magnetic  response  of  the  fastener  [subsection  S.2.2(6)].  It  was  believed  diat  the 
magnetic  flux  padi  from  die  exciter  center  core,  dirou^  the  fastener  head,  and  to  the  outer  leg  (and 
thus  the  sensor  coil)  produced  strong  cou^ilmg  direcdy  into  the  sensor,  and  thus  aggravated  this 
problem.  One  i^iproach  which  was  undertaken  to  address  the  problem  was  to  add  conductive 
shielding  to  reduce  this  direa  flux  path.  Eddy  currents  induced  in  die  ctmductive  shield  produce  a 
magnetic  field  having  die  opposite  sign  of  the  main  field,  and  thus  some  cancellation  of  die  main 
field  occurs  in  die  r^ion  of  die  shield.  The  probe  was  modified  by  adding  a  copper  ting  omcentric 
widi  the  cmiter  leg  of  die  exciter  core  and  located  between  the  center  leg  and  the  sensor. 

3.2.2  SS-Degree  Probe— -The  4S-degree  angular-width  probe  was  iqiproximaled  by  a  U- 
stuqied  core  of  constant  widdi  n^ch  was  cut  frmn  an  E-core.  The  probe  is  shown  in  Fig.  26.  The 
width  of  the  core  outer  leg  was  equivalent  to  an  arc  of  approximately  35  degrees.  The  coil  was 


Figure  26.  Cross-sectional  view  of  the  35-degree  segment  probe.  Vertical  and  radial 
sensor  orientations  ate  shown  bv  solid  and  dashed  lines,  respectively. 
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wound  oo  the  iqipa’ portion  of  the  COR,  which  connected  the  cento^  post  and  outer  leg.  Although 
dus  configuration  was  not  modeled^  it  was  reasoned  dutt  by  jdacing  die  c<^  on  the  tapper  ptntion  of 
the  COR  instead  die  oenter  leg  (as  with  die  8S-degiee  probe),  die  induced  currmt  in  the  specimen 
on  the  opposhe  side  of  the  fitfiener  would  be  reduced  ttd  the  cunent  would  be  more  localized  unda 
dieouierlc^.  The  same  sensors  as  described  above  were  used  with  die  3S-degree  probe. 

3^3  Cup-Cwe  Probe  for  Sona — ^Although  the  model  showed  the  above  inobe 

designs  to  be  better  than  a  symmetrical  cup-c(Me  ccmfiguration,  inteiprrtatitHi  of  linear  raster  scan 
dam  wm  gieady  simplified  if  die  probe  were  syrnmetrical  and  thus  produced  a  symmetrical  re^xinse. 
In  addition,  a  symmetrical  probe  was  needed  for  raster  in  order  to  have  sensitivity  to  flaws 

in  all  orioitations  around  the  fastener  hole.  The  cup-core  probe  omfiguration  is  shown  in  Fig.  27. 
Thesreisorooil  was  wound  on  die  center  post  Therelativelylaige-diameterpostinthecommer- 
dally  available  core  was  removed  and  refdaced  by  a  smalkr  diameter  rod  in  order  to  improve  sensor 
resolution. 

3.3  SCANNING  SYSTEM 

Mechanical  fixtuiing  was  fldxicated  to  adiqit  an  existing  mechanical  scanning  system  for  use 
as  the  laboratory  breadboard  systoiL  A  drawing  of  the  breadboard  is  shown  in  Fig.  28,  and  a  photo- 
graidi  is  shown  in  Fig.  29.  AdjustaUe  clanqs  held  the  specimen  in  place  and  allowed  accommoda¬ 
tion  of  different  specimen  sizes  and  configurations.  The  specimen  was  positioned  vertically,  as 
shown  in  the  figure.  The  edtty  current  probe  was  mounted  mi  a  stepper-motor-driven  rotary  turn¬ 
table,  which  allowed  it  to  be  rotated  around  the  fastener  under  con^uter  control.  The  rotary  turn¬ 
table  was  mounted  on  a  linear  scanning  system  with  stepper-motor-diiven  motion  in  the  horizmital 
and  vextkal  directions  to  allow  the  jxobe  to  be  positimied  over  the  mstener.  The  linear  motimi  could 
also  be  used  to  perform  a  raster  scan  of  the  probe  over  the  specimen  surface.  Liftoff  of  the  probe 
from  the  qiecimen  surface  was  controlled  by  a  manual  adjustment 

3.3.1  Circumferential-Radial  Scan — The  primary  scanning  mode  was  to  scan  the  probe 
circumferentially  around  the  fastener  as  shown  in  Fig.  30,  which  is  a  view  looking  down  on  the 
probe  and  fastener  hole.  Initially,  a  single  scan  in  the  direction  of  the  arrows  with  the  probe  center 
1^  cratered  over  the  fastener  (radial  position  1)  was  used.  (Centering  was  accoiqilished  using  a  S- 
kHz  excitation  to  eliminate  subsurface  response  and  by  moving  the  probe  center  of  rotation  to 
minimize  tiie  response  while  scanning  circumferentially.)  Later,  a  two-dimensional  scan  ^^xro^h 
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(20.8  mm  OD) 

Figure  27.  Cup-core  probe  confipiration. 
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Adjustable 
Specimen  Clamps 
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Horizontal  Positioner 
(Motor  Driven) 
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Figure  29.  EhotOgraph  of  laboratory  hrearihnarH  scannin 


Figure  30.  Pmhc  scanning  configniation  for  emnimfenaitial  bcmir  with  increments.  (Note: 

HiMiial  pn^ition  2  exaggerated  finr  illuittration  purposes.^ 

wMinvestigaiedtodeieniniieifinyiDvedflawdetectiooanddiscriiniiuttionfiomstniciuregeoinelry 
could  be  accwnplished  using  two-dimnisiCTial  imaging.  In  order  to  genentetwo-dimensioiial  data, 
additional  data  had  to  be  taken  at  increasing  radii.  This  was  accwnplished  by  moving  the  probe  to  a 
new  radial  position  (position  2,  radius  R>0;  note  that  die  stqp  to  the  new  radius  was  exaggerated  fen- 
illustradwi  purposes),  as  shown  in  Fig.  30.  The  probe  was  then  scanned  as  shown  by  the  arrows. 
This  was  iqieated  for  additional  radii;  typically,  scans  were  made  for  11  different  radii  in  inoemnits 
of0.64mm.  Note  that  all  scans  are  concentric  about  the  center  of  the  fastener. 

The  eddy  current  distribution  obtained  with  the  probe  centred  over  the  fastener 
(radius  RaO)  is  concentrated  under  the  probe  atm  and  near  the  fastraer  (see  Fig.  8).  Although  model- 
ii^  was  not  done  for  larger  radii,  it  is  expected  that  as  the  radius  is  increased,  the  current  distribution 
remains  under  the  probe  atm  but  becomes  somewhat  redistributed  since  the  zeladooship  bwween  die 
probe  and  fastoier  hole  is  changed.  This  r^ts  in  an  offset  (change  in  dc  level)  in  the  detected  eddy 
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cuncnt  signal  as  the  probe  is  stq)ped  to  a  new  scan  row;  this  off»t  is  removed  by  eidio'  renulling  the 
eckfy  current  instrument  or  using  a  dc  level  removal  computer  algorithm.  The  redistrilMition  of  the 
eddy  current  pattern  does  not  interfere  widi  analysis  of  die  data  since  the  resulting  offset  is  removed 
and  since  the  redistribution  is  consistent  from  one  fastener  hole  to  the  next  Thus,  comparing  the 
reqionse  from  (me  Ixde  to  anothm  to  determine  the  presence  of  flaws  is  based  cm  tesp(mses  havii^ 
the  same  current  distribution. 

3.3.2  T  irm»r  Scans— I  limited  data  wem  taken  using  a  linear  faster  scan.  This  scan 

qiproach  is  simila.-  to  the  dicumfeiential-radial  scan,  except  that  the  probe  was  scaimed  linearly 
instead  of  ciiaimfeientially  and  indexed  perpendicular  to  the  scan  diiecdim  instead  of  in  the  radial 
directitm.  The  scans  started  at  aposition  away  from  the  fastener  hole  and  were  indexed  so  that  tibey 
passed  over  the  hole  and  finally  to  the  (opposite  side,  as  shown  in  Fig.  31.  The  advantage  of  this 
rqi(»oach  is  that  it  is  not  necessary  to  align  the  scan  widi  respect  to  die  fastener  hole,  as  is  the  case 
widi  the  circumferential-radial  scan. 

3.4  INSTRUMENTATION 

Experiments  were  performed  using  both  chirp  waveform  excitation  as  well  as  single-fre¬ 
quency  excitation.  Instrumentation  consisted  of  existing  laboratory  equipment.  Instrumentation 
setups  for  both  arrangements  are  described  below. 

3.4. 1  Chirp  Fjccitafion — ^Pig.  32  shows  a  block  diagram  for  the  chirp  excitation  instrumen¬ 
tation.  A  chirp  waveform  was  defined  using  computer  software  and  was  used  to  program  an  arbi¬ 
trary  wavefmm  generator  (LeCroy  91 12),  which  produced  an  analog  ouqmt  of  the  waveform.  This 
signal  was  anqilified  using  a  power  anqilifier  (Techron  7540)  and  thoi  was  used  to  drive  the  probe 
excitatitm  coil.  The  sensor-coil  output  was  amplified  and  low-pass  filtered  (using  the  preanq)  and 
filter  in  an  EG&G  PARC  Model  5302  lock-in  anqilifier).  The  resulting  signal  was  digitized  using  an 
analog-to-digital  converter  (National  Instruments  AT-M10-16F)  in  a  personal  conqiuter  (486, 25 
MHz).  A  reference  waveform  fimn  the  arbitrary  waveform  generator  was  also  digitized  along  with 
the  sensor-coil  signaL  The  signals  were  digitized  at  a  rate  of  lOOK  samples/second.  The  digitized 
data  were  then  stored  and  analyzed  on  a  Unix  woricstation  computer  (Sun-4).  The  probe  scanning 
system  was  ccrntrolled  by  the  personal  computer. 
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Cup  Core  Probe 


The  digitization  of  the  chirp  was  synchronized  with  respect  to  the  circumferential 
scanning  of  die  probe  using  the  stqiper-motor-drive  pulses  so  that  a  single  chirp  was  digitized  every 
degree  of  die  scaiL  The  scan  speed  was  limited  to  0.83  revyminute  because  of  the  data  transfin- rate 
from  the  conqHiter  memory  to  the  disk  drive  for  storage. 

3.4.2  Single-Brequency  Excitation — Experiments  using  single-frequency  excitatirm  woe 
also  peifrxmed.  Because  of  the  need  for  multiple-frequency  data  (e.g.,  for  centering  and  investigat¬ 
ing  multifrequency  mixing  to  reduce  effects  of  first-layer  structure  geom^ry),  a  multifrequency  eddy 
current  instrument  (Zetec  MIZ-40)  was  used.  This  allowed  data  at  four  frequencies  (typically  2S0, 
SOO,  1000,  and  2000  Hz)  to  be  acquired  simultamtatsly.  Also,  centering  was  Qpically  accomplished 
by  switching  to  5000  Hz.  A  block  diagram  of  the  instrumentation  is  shown  in  Fig.  33;  die  instrun^n- 
tation  was  similar  to  that  for  the  chirp  excitation.  The  power  amplifira-  was  used  between  the  eddy 
current  instrument  and  probe  to  drive  the  excitation  coil,  and  the  preamp  was  used  to  amplify  the 
sensOT-coil  signal  for  input  to  the  eddy  current  instrument.  Both  horizontal  (in-phase)  and  vertical 
(quadrature)  con^nents  of  the  signal  were  digitized  for  all  four  frequencies  with  respect  to  the  scan 
posititm  as  determined  by  the  stepper-motor-drive  pulses.  The  horizontal  conqxment  is  derived  from 
die  component  of  die  edtfy  current  signal  which  is  in  jduue  with  the  excitation  coil  voltage.  The  ver¬ 
tical  component  is  derived  from  the  conpcMient  which  is  in  quadrature  (90  degrees  out  of  phase)  with 
the  excitation  coil  voltage.  The  scan  speed  was  1.7  revVminute. 
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Figure  32. 


Zetec  MIZ-40 
ET  Instrument 


Figure  33. 


4.  SIQ^ALPRCXXSSING 


4.1  CHIRP  ANALYSIS 

A  chiip  waveform  is  a  burst  of  energy  within  which  the  frequency  varies  ctmtinuously 
between  tninimiim  and  mammiinn  limits.  die  eiqierimmits  using  a  chirp  excitation,  die  signals 
were  processed  to  obtain  the  frequency  spectrum  of  the  chirp  and  the  equivalent  of  adme  dcnnain 
inqNilse  reqKmse  as  described  below.  The  purpose  of  the  frequency  spectrum  analysis  was  to 
determine  if  better  discriminadon  could  be  obtained  between  flaw  signals  and  ncMuelevant  geometry 
signals  by  examining  their  effects  on  the  frequmcy  spectrum.  The  frequency  spectrum  would  also 
provide  guidance  as  to  the  best  frequencies  for  single-frequency  excitadon  eiqieriments.  The 
purpose  of  the  inqiulse  respcxise  analysis  was  to  determine  if  discriminadmi  between  flaw  signals 
and  nrarelevant  geotn^ty  signals  could  be  obtained  by  examining  their  effects  on  the  sh^  of  the 
time  domain  [Nilse. 

4.1.1  Chirp  Frequency  Spectrum — The  chirp  excitadem  was  an  expcmradal  frequency 
sweqifrrxn  200  to  10,000  Hz.  The  frequency  spectrum  of  the  chirp  response  was  obtained  fay  taking 
the  Fourier  transfonn  of  the  signal  and  computing  die  absolute  value  of  each  spectral  coefficient  In 
Older  to  make  dianges  in  the  ^lecttum  more  iqiparent  die  spectrum  at  die  0-degree  jnobe  posidoD  in 
die  scan  was  subtracted  from  the  spectrum  at  all  circumfermtial  posidons. 

4.1.2  Chirp  Tirgiiilse  Response— The  principle  of  impulse  simiilafinn  with  a  rhirp  wawfinrm 

is  illustrated  in  Hg.  34.  An  inqxilse  is  an  ideal  function  with  finite  energy  that  occurs  in  an  infinitely 
short  time  poiod.  To  die  extent  that  an  irxqiulse  can  be  simulated,  the  excitadon  signal  is  separated 
in  time  from  received  signals,  and  received  signals  frtnn  different  locations  would  be  separated  in 
time.  Since  it  is  inqiossible  to  create  an  inqiulse-like  signal  in  an  eddy  current  coil,  a  signal¬ 
processing  tq^proach  to  gain  die  same  infomuuion  was  chosen.  As  is  well  known  in  the  field  of  radar 
signal  processing  (2),  the  autocorrelation  frmetion  of  a  chirp  is  a  time  domain  pulse  with  charac¬ 
teristics  detemined  by  the  duration  and  bandwidth  of  the  chirp.  Thus,  time  domain  signals  equiva¬ 
lent  to  pulsed  exdtaticm  can  be  synthesized  by  conqxiting  die  autocrxielation  function  for  data  widi  a 
chirp  excitation. 

The  chirp  responses  from  die  experimental  data  wne  filtered  with  a  cosine-squared 
window  in  order  to  reduce  ripple  in  the  autocorrelation,  and  the  autocorrelation  functions  of  the 
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Figllie34.  A  chi*p  wavefamn  and  its  aiitncnrrftlatinn  ftincrinn  fB).  Autocorrelation  of  a  chiip 
which  gynthcMMiS  a  short,  timcwtomain  pulse 

filtered  duipieqxnses  were  calculated  The  magnitude  of  the  autocCTrelaticm  is  tfam  displayed  as  a 
functioa  of  tune.  In  ofder  to  make  changes  in  die  impulse  reqmnse  mote  apparent,  die  response  at 
the  O-degiee  probe  position  in  die  scan  was  subtracted  from  the  spectrum  at  all  circumferential 
positions. 

4.2  DISCRETE  FREQUENCY  ANALYSIS 

Discrete  frequoicy  data  were  analyzed  by  changing  the  phase  to  look  at  a  particular  compo¬ 
nent  of  the  eddy  current  signal  relative  to  the  in-phase  and  quadrature  conqxments  and  by  using 
multifiequency  mixing.  The  purpose  in  both  cases  is  to  he^i  separate  flaw  signals  firom  nonrelevant 
signals. 

4.2.1  EbaSfi£atatiQll---This  tppioach  is  based  on  die  fact  diat  die  phase  of  die  currents  flow¬ 
ing  in  the  specimen  is  a  fimction  of  depth.  Therefore,  signals  from  flaws  and  structure  at  diffoent 
depths  occur  at  differmt  phase  angles.  Phase  rotation  can,  therefore,  be  used  to  distinguish  between 
signals  at  different  phases  and,  thus,  different  depths. 

The  i^iase  rotation  procedure  is  illustrated  in  Hg.  35.  A  signal  fitnn  a  subsurface  flaw 
isrepresentedby  the  vector  Ml  at  a  phase  angle  ai  with  respect  to  the  in-phase  axis  (Fig.  3Sa),and 
die  signal  from  near-surface  geometiy  is  shown  by  M2  at  a  i^iase  angle  02.  These  signals  have  ctnn- 
pmients  I]  and  I2  on  the  in-phase  axis.  If  the  axes  are  rotated  by  an  angle  of  90**  -  02  ^  shown  in 
Hg.  3Sb,  tibe  geometry  signal  is  aligned  widi  the  quadrature  axis  and  has  no  conqionrat  along  the  in- 
phase  axis  (I2  =  0).  The  flaw  signal  does,  howeva,  have  a  component  (Ii)  on  the  in-phase  axis.  If 
only  this  signal  ctmqionent  along  the  in-phase  axis  is  measured  (after  rotating  die  axes),  the  geom¬ 
etry  signal  conqionent  aligned  with  the  quadrature  axis  is  minimized. 
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QUADRATURE 


(A)  Bef<He  rotaticm  of  axes 


35.  R^presentatifyi  nf  in.phase  anri  qiiadmhife  ETP  signal  components  before 
[after  rotation  of  axes. 
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4.2.2  Multifrequencv  Mixing— The  multifceqiiency  mixing  approach  uses  an  equation  to 
transform  the  data  at  die  higher  frequency  to  the  same  shsqie  as  the  data  at  the  lower  frequency  by 
using  all  data  prams  from  die  scans.  The  coefficients  for  die  transfonnequadrai  are  generated  rai  a 
fastener  hole  with  no  flaw  and  then  ^iplied  to  unknown  fastener  holes.  The  transframed  high- 
frequency  data  can  then  be  «ibtracted  frran  the  low-frequency  data  to  remove  undesiied  signals 
(such  as  diose  frran  off-centering)  and  reveal  die  flaw  signal  provided  die  undesiied  and  flaw  signals 
have  sufficiendy  different  lespraises  to  the  two  frequencies. 

Separate  transfonns  are  iqiplied  to  die  in-phase  and  quadrature  components  of  the  sig¬ 
nals.  The  transform  equation  for  the  in-idiase  component  is 

It  *  Cl  +  C2I1  +  C3Q1  +  C4Q2  (1) 

where  It  is  the  transformed  in-fdiase  signal  conqxmrait,  Ii  is  the  in-i^iase  signal  component  at  fre¬ 
quency  1,  Qi  is  the  quadrature  signal  cooqiooem  at  frequency  1  (hig^  frequency),  is  die  quadra¬ 
ture  signal  component  at  frequency  2  (low  frequency),  I2  is  die  in-phase  signal  component  at 
frequraicy  2,  and  C1..C4  are  constants. 


The  transfonn  equation  for  the  quadrature  component  is 

CJt  =  ki  +  k2li  +  kaQi  +  k42  (2) 

^K^iere  (%  is  die  transformed  quadrature  signal  con^raient,  Ii  and  Qi  are  die  same  as  above,  and  I2  is 
the  in-phase  signal  componoit  at  frequency  2. 

The  coefficients  of  the  transfonn  equation  are  determined  a  least  squares  soludrai; 
for  exanqile,  Ci,  C2,  C3,  and  C4  of  equation  (1)  are  determined  by  minimizing  the  error  function 

c  ( Cl ,  C2,  C3,  C4)  =  X  (Cl  +  C2I1  +  C3Q1  +  C4Q2  -  liP-  (3) 

where  the  summation  is  over  all  of  the  data  gramated  on  a  fastoia:  hole  without  a  flaw.  In  this  way, 
the  transformation  is  optimized  to  minimize  the  undesiied  effects  at  all  scan  positions.  The  in-i^iase 
flaw  signal  is  then  just  It  - 12. 
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4.3  CX>LC»  IMAGING  OF  TWO-DIMENSIONAL  SCAN  DATA 


The  pmposerf  the  CTrforiinaging  was  to  provide  a  means  for  analyzing  two-dimeasional  qa- 
tial  data  taken  from  caster  scans:  This  q)proacfa  takes  advantage  of  die  human  ability  to  petfonn  pat¬ 
tern  reception  and  dins  provide  disenmination  boween  signal  patterns  from  flaws  and  diose  frtxn 
stnictuie. 

The  color  images  are  derived  as  follows:  Fig.  36  shows  a  typical  s^  of  data  obtained  frmn  a 
two-dimensional  dicumferential  scan  of  fastmier  hede  9  in  specimen  A  which  amtains  a  3.8-mm 
second-layer  flaw.  Atdiebottomofdiefigureisas&Qi-chaitplotofdiehocizontalormptaasectnn- 
ponent  of  die  edefy  cunent  signal  versus  dicumfeiential  probe  position  for  a  ciicumfriential  scan  at  a 
radiusofO.6.  (Note  that  phase  rotation  has  been  ^)|died  to  maximize  the  flaw  signal  and  Tninimice 
second-layer  edge  leqionse.)  The  color  image  shown  immediately  above  the  strip  diait  is  derived 
from  die  amidinides  of  die  signals  (such  as  the  one  shown  in  the  sti^  diait)  for  ciicumfeiential  sems 
at  each  radial  position  of  the  probe.  Radial  positiem  zero  conespmids  to  the  probe  being  centered 
over  the  fastener  (radial  position  RpO  in  Rg.  30).  The  narrow  rectangle  in  die  odor  image  shows  die 
sin^  scan  oonesponding  to  die  acoial  signal  shown  in  the  sti^diait  in  the  flguic.  The  color  in  the 
image  is  related  to  the  am|ditude  of  the  signal.  The  votical  scale  in  the  strqiduDt  is  in  rdative  units, 
vdiidi  are  percent  of  full  scale  for  die  eddy  current  instrument  di^lay.  The  color  scale,  as  shown  at 
die  bottom  of  die  figure,  ranges  from  dark  red  for  die  most  positive  signal  amplitude  to  dark  blue  for 
the  most  negative  signal  anqilitude  (with  approximately  120  colors  in  between)  and  is  keyed  to  the 
scale  units  and  can  be  adjusted  to  correspond  to  a  selected  range  of  the  scale.  In  diis  figure,  dark 
blue  and  dark  ted  conesptmd  to  -S  and  12  on  the  strip-chart  amplitude  scale,  respectively. 

To  the  right  of  each  strip  chart  is  a  conventicmal  impedance  plane  presentatitHi  of  the  vertical 
conqionent  of  the  eddy  current  signal  plotted  versus  the  horizontal  component  The  horizontal 
cooqxxiait  is  derived  from  the  ccmqxxient  of  the  conqilex  eddy  currmt  signal  vdiich  is  in  phase  widi 
the  excitation  coil  voltage.  The  vertical  cooopmient  is  derived  from  the  component  which  is  90 
degrees  out  of  phase  with  the  excitation  coil  voltage.  The  sign  in  the  figure  shows  the  signal 
value  which  corresponds  to  the  location  of  the  cutsot  at  180  degrees  in  the  strip  chart 
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(NOTE:  (XXORa)PYAVALABLEFT%)M  CONTRACTOR) 
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5.  EXPERIMENTAL  RESULTS 


The  eiqieriiiieiital  lesults  are  described  in  this  section.  First,  section  5.1  describes  the  results 
obtained  widi  chirp  exdtaticm.  Because  no  significant  advantages  were  obtained  with  the  chirp, 
i»inpliMU  was  shifted  to  discr^  ftequency  excitation.  Experimoits  using  die  latter  excitation 
^qpcoach  are  described  in  section  52. 

In  the  first  subsection  5.2.1  discussing  discrete  fiequency  excitation,  the  experiments  performed  to 
diamine  die  best  exdter  and  sensor  cQofiguratitns  for  circumferential  scans  ate  described.  From 
these  experiments,  the  85-degree  probe  with  a  vodcal  sensor  orieotadtm  was  selected.  Thisprobe 
and  sensor  configuratitMi  was  then  evaluated  (m  ^lecimens  having  structural  variables  (subsection 
5.2.2)  and  on  specimens  sillied  by  WITMLLP  (subsection  5.2.3).  Results  from  the  limited  tests 
using  a  linear  raster  scan  are  described  in  subsectioa  5.2.4,  and  a  taUe  that  gives  an  overall  summary 
of  the  test  results  fiom  subsecticms  5.2.2  through  5.2.4  is  presented  in  subsection  5.2.5. 

5.1  CHIRP  EXCITATION 

Exanqiles  of  die  chitp  excitation  waveform  (vtdtage  applied  to  die  exciter  coil)  and  the  sensor 
coil  output  are  shown  in  Figs.  37a  and  b.  This  signal  was  taken  widi  the  probe  positioned  over  a  5.2- 
mm  sec(»d-layer  flaw  (ISO-degree  scan  position)  in  the  preliminary  qieciinen  with  a  first-layer 
diickness  of  4.8  rnm.  The  chirp  ranges  in  ftequoicy  fiom  200  Hz  to  10  kHz  and  is  swept  loga¬ 
rithmically  so  that  more  time  (and  thus  energy)  is  spent  at  the  lower  fiequencies. 

5.1.1  Frequency  Spectmm — ^An  exam{^  of  the  fiequency  spectrum  from  an  FFT  of  the 
chitp  from  Hg.  37b  is  shown  in  Hg.  38a.  Because  of  the  small  effect  of  the  flaw  on  the  overall  sig¬ 
nal  an^itude,  die  plectrum  with  die  probe  positioned  over  the  flaw  appears  essentially  the  same  as 
the  spectrum  tiriiere  there  is  no  flaw.  In  order  to  reveal  the  flaw  signal,  the  spectrum  at  the  probe 
starting  posititm  (zero  degree)  was  subtracted  from  the  spectrum  obtained  with  the  probe  e  vsi  be 
flaw  (180  degrees).  The  result  is  riiown  in  Fig.  38b.  The  respemse  from  the  flaw  is  more  than  two 
(Mcders  of  magnitiMte  smaller  than  the  overall  response.  The  flaw  response  peaks  at  about  500  Hz, 
and  most  of  die  respmise  occurs  between  250  Hz  and  1  kHz. 

In  Older  to  view  die  spectrum  fix:  a  circumferential  scan  arouiKi  the  fasten^'  hole,  die 
subtracted  data  were  converted  to  a  color  imi^e,  where  the  color  is  representative  of  the  FFT 
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Fi^  38.  Ereauencv  spectrum  of  chirp  waveform  with  probe  over  5.2-mm  flaw  and  first-laver 
thickness  of  4.8  mm:  TA)  Qverall  response.  (B)  spectrum  over  flaw  minus  spectnim  with  no  flaw. 
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spectrum  magnitude  (hi^iest  to  lowest  8iq>litudes  rqxresented  by  magenta,  blue,  green,  and  yellow, 
reflectively).  Hg.  39  shows  the  results  for  a  circumferential  scan  of  the  preliminary  specimen  with 
a  3.7-mm-thick  first  layer  configured  with  a  S.7-mm  flaw  (Fig.  39a),  a  second-layer  edge  (Fig.  39b), 
and  both  the  flaw  and  edge  (Fig.  39c).  These  data  were  taken  with  the  3S-degree  probe  at  a  scan 
radius  of  2.5  mm,  which  is  where  the  best  flaw  response  relative  to  the  edge  respcmse  was  obtained. 
The  data  show  some  differences  in  die  fiequency  response  for  the  flaw  and  edge,  with  the  flaw  and 
flaw-phis-edge  r^ponses  having  a  stronger  signal  (magenta)  at  low  fiequencies  (aj^iroximately  500 
Hz)  and  also  stronger  signals  (blue)  at  somewhat  higher  frequencies  (rqqitoximately  1  kHz)  com¬ 
pared  to  the  edge  only.  Thus,  for  this  specimen  configuradrai,  the  flaw  could  be  distinguished  fifom 
the  edge. 


Fig.  40  shows  the  spectrum  for  the  same  specimen  crmfiguration,  but  widi  a  thicker 
first  layer  (4.8  mm).  In  Fig.  40a,  the  flaw  appears  primarily  as  a  magenta  tegirui  between  fiptox- 
imately  150  and  200  degrees  at  low  frequencies.  In  Fig.  40b,  the  edge  also  fipears  as  a  magenta 
region  which  is  somewhat  smaller  along  die  frequency  axis  and  covers  a  larger  portirm  of  die  scan 
than  both  the  flaw  and  flaw-plus-edge  spectra.  In  Fig.  40c,  there  is  also  a  region  of  high  and  low 
amplitude  on  each  side  of  the  flaw-plus-edge-response  that  extends  to  higher  frequencies  and  is 
fiparendy  from  the  probe  rotation  being  somewhat  off  center  from  the  axis  of  the  fastener  hole. 
(These  data  were  taken  befine  the  centering  procedure  was  based  on  the  eddy  current  response  and 
only  physical  aUgnment  was  used.)  Although  some  differences  are  ajqiatent  between  the  responses 
from  the  three  specimm  ccmfigurations,  they  are  more  subde  that  with  the  3.7-imn-thidt  first  layer, 
and  it  would  be  difficult  to  distinguish  a  flaw  from  an  edge  using  the  spectrum  approach. 

For  detection  of  the  target  flaw  size  (2  J  mm)  through  the  target  first-layer  thickness 
(6.4  mm),  the  differences  between  flaws  and  edges  would  be  even  more  subtle  than  shown  in  Fig. 
40,  and  the  capability  to  distinguish  a  flaw  from  an  edge  would  be  even  more  limited.  For  this 
reason,  additional  development  of  the  spectrum  approach  was  not  undertaken. 

5.1.2  Impulse  Response — ^An  example  of  the  impulse  response  obtained  from  the  auto¬ 
correlation  of  tile  diirp  shown  in  Fig.  37b  is  shown  in  Hg.  41a.  As  with  the  fiequency  spectrum,  the 
effect  of  the  flaw  on  the  overall  signal  amplitude  is  small,  and  it  was  necessary  to  subtract  the 
response  at  the  probe  starting  position  to  reveal  the  flaw  response.  The  result  is  shown  in  Fig. 
41b. 
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As  with  the  firequency  spectnun,  the  data  were  convened  to  a  color  image  to  view  the 
impulse  response  data  for  a  circumferential  scan  around  the  fastener  hole.  Again  the  highest-to- 
lowest  amplitudes  are  rei»esented  by  magenta,  blue,  green,  and  yellow.  Fig.  42  shows  the  inq)ulse 
response  for  the  same  data  from  which  the  spectrum  was  obtained  in  Fig.  40.  The  first-layer  thick¬ 
ness  is  4.8  mm,  and  the  q)ecimen  is  configured  with  a  5.7-imn  flaw  only  (Fig.  42A),  a  secmid-layer 
edge  only  (Fig.  42B),  and  both  the  flaw  and  edge  (Fig.  42C).  The  flaw  and  edge  have  similar 
responses  (iq>i»oximately  centered  around  180  degrees),  with  the  highest  aiiq)litudes  (magenta  and 
dark  blue)  occurring  at  times  up  to  about  20  msec.  (As  in  Fig.40,  the  flaw-plus-edge  data  contain  a 
response  from  off-centering  of  the  probe.)  Because  of  the  similarity  in  responses,  it  would  be  dif¬ 
ficult  to  distinguish  a  flaw  from  an  edge,  and  dws  the  in^nilse  response  af^roach  was  not  developed 
further. 

5.2  DISCRETE  FREQUENCY  EXCITATION 

5.2.1  Evaluation  of  Exciter  and  Sensor  Confunirations  for  Circumferential  Scans— Tests 
were  perfcxmed  to  evaluate  the  35-  and  85-degree  exciter  configurations  and  the  different  sensor  ori¬ 
entations  and  positions.  The  purpose  was  to  determine  the  best  configuratitm  for  flaw  detectability 
and  discrimination  among  responses  fiom  flaws  and  structure.  The  following  configurations  were 
evaluated: 


(1)  35-degree  exciter  with  vertical  sensor  orientation  (both  air-  and  ferrite-core 
sensors)  and  with  a  sensor  coil  wrapped  around  the  outer  leg  (which  also 
detected  the  vertical  component  of  the  magnetic  field)  and 

(2)  85-degree  exciter  with  radial  and  circumferential  sensors  and  with  a  vertical 
sensor  in  two  radial  positions  with  respect  to  the  exciter  (all  with  air-core 
sensors). 

For  sinq}licity,  these  tests  were  performed  using  a  single-fiequency  excitatim  at  500  Hz,  which  pro¬ 
duced  the  best  response  with  the  chirp  spectrum  (Figs.  38b  and  39).  Data  were  taken  using  circum¬ 
ferential  scans  with  increments  in  the  radial  direction  to  produce  two-dimensional  data.  The  tests 
were  performed  on  the  simple-geometiy  specimens  with  top  and  bottom  layer  thicknesses  of  4.8  and 
6.4  mm,  respectively  md  with  a  5.2-mm  flaw  in  the  second  layer. 


58 


(NOTE;  COLOR  COPY  AVAILABLE  FROM  CONTRACTOR) 


59 


An  air-core  sensor  in  the  vertical  orientation  located  adjacent  to  the  outer  leg  of  the 
exciter  gave  the  best  overall  results.  Disadvantages  of  the  oti^r  sensor  configurations  were  as  fol¬ 
lows.  The  ferrite  core  sensor  caused  additional  coupling  of  the  exciter  main  magnetic  field  into  the 
sensor,  which  resulted  in  excessive  offset  in  the  detected  signal.  The  smsor  coil  wound  on  the  outer 
leg  of  the  3S-degree  jnobe  produced  veiy  broad  signals  in  the  circumferential  scan  direction,  so  it 
had  poor  spatial  resolution.  The  model  did  show  that  a  radial  sensor  (»ientati(Hi  would  provide  an 
improved  flaw  resptmse  con^iared  to  sectmd-layer  geometric  response,  but  the  disadvantage  was  die 
large  coupling  of  the  main  magnetic  field  from  the  exciter  into  the  sensor  (since  the  coil  axis  was 
aligned  with  the  field  direction).  To  avoid  saturation,  the  amplifier  gain  had  to  be  reduced;  and  the 
resulting  signal-to-noise  ratio  was  poor.  The  circumferential  sensor  orientation  produced  veiy  weak 
flaw  signals,  and  die  signals  had  a  bipolar  response  spread  over  a  large  portion  of  the  circumference, 
which  reduced  the  spatial  resolution. 

A  comparison  of  the  35-  and  8S-degree  probe  responses  (both  with  the  air-ctxe  sensor 
in  the  vertical  orientation  located  near  the  outer  leg  of  the  exciter  core)  is  shown  in  Figs.  43  and  44, 
respectively,  for  a  first-layer  thickness  of  4.8  mm  and  a  5.2-mm  flaw.  The  figures  show  color 
images  of  the  responses  firmn  specimen  configurations  with  a  flaw  and  no  edge,  a  second-layer  edge 
only,  and  a  flaw  and  second-layer  edge.  The  3S-degree  probe  produced  a  distinct  positive,  high- 
amplitude  signal  polarity  (red  region)  from  the  flaw  and  an  arc-slu^ied  yellow  (lower  amplitude) 
region  from  the  edge.  When  both  the  flaw  and  edge  were  present,  a  region  of  the  edge  response 
increased  in  anqilitude  and  became  red.  Although  these  patterns  allowed  the  flaw  to  be  distin¬ 
guished  firom  an  edge,  the  signals  overlapped.  Also,  the  signals  were  somewhat  noisy  because  of 
the  low  signal  levels  obtained  with  this  probe. 

With  the  85-degiee  probe  (Fig.  44),  the  flaw  response  was  located  at  smaller  radii  and 
speared  primarily  red  (high-amplitude,  positive  signal  polarity),  although  a  small  region  of  blue 
(negative  polarity)  also  appeared  at  larger  radii.  (The  background  color  in  these  images  is  yellow, 
since  the  color  scale  covers  a  different  range  to  accommodate  the  positive  polarity  from  the  flaw 
signal  as  well  as  the  negative  polarity  from  the  edge.)  The  edge  response  (with  or  without  a  flaw) 
appeared  blue,  is  located  at  larger  radii,  and  is  separated  from  the  flaw.  Thus,  the  8S-degree  probe 
offered  better  discrimination  between  a  flaw  and  an  edge.  Also,  the  signal  levels  obtained  with  the 
8S-degree  probe  were  larger  than  with  the  35-degree  probe,  and  the  signals  were  much  less  noisy. 
This  indicated  that  the  model  did  correctly  predict  that  the  85-degree  probe  produced  a  higher 
current  density  deeper  in  the  second  layer  (Figs.  7  and  8  in  subsection  2.1.1).  Based  on  the  better 


60 


Radial  Positio’~  (mm) 


Figure  43.  Images  of  smele-frcQuencv  (SOO-Hz^  excitation  data  vs.  circumferential  and  radial 
DOSiQQD  for  a  4.8-mm  first  layer  taken  with  35-depree  probe:  (A)  5.2-nun  flaw  at  180  degrees. 
(B)  edge  at  180  degrees.  (C)  5.2-mm  flaw  and  edge  at  180  degrees. 
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lenihs  achieved  with  the  85-degree  probe,  this  probe  was  selected  fwftutiier  evaluation.  Theresults 
are  described  as  ftdlows. 

5.2.2  g5-Depee  Ptnhe  RaailK  for  Stmcture  Variahh^Speeimens  A  and  R— Tests  were 
performed  with  the  85-degree  probe  on  specimens  A  and  B,  which  contained  structural  variables 
(e.g..  sectxKl-laya’  edge  aad  first-laya-  edge).  Enipha.sis  was  (daced  on  the  ^wcimens  with  the  diick- 
est  (6.4-mm)  layers,  since  the  thicker  layers  reiwesented  die  most  difficult  case.  The  ei^ioimental 
results  are  presented  below  in  different  categories  according  to  the  structural  variable.  The  results 
are  for  6.4-mm  layers  and  titanium  fasteners  unless  otherwise  designated.  In  the  figures,  die  color 
scale  has  smne  differences  from  one  structural  variable  to  the  next;  however,  the  scale  is  the  same 
for  all  data  in  a  single  figure.  Unless  othowise  designated,  the  data  were  taken  at  either  250  or  500 
Hz  and  rotated  in  fdiase  to  produce  the  best  results  for  the  particular  structure.  As  with  the  colw 
scale,  all  conditions  are  the  same  fiv  all  the  data  in  a  given  figure. 

(1)  Second-Laver  F/lyfi — ^Data  fimn  holes  9, 10,  and  1 1  in  specimen  A  (with  6.4- 
mm-diick  layers)  with  die  closest  (12.7-mm)  Ix^-to-edge  placing  are  shown  in  Figs.  45(A),  45(B), 
and  45(Q,  reflectively.  The  edge  and  die  flaws  are  both  at  180-degree  circumferential  location  in 
the  scan.  The  edge  shows  up  as  a  daik  blue  (high-anfilitude,  negative  signal  polarity)  region  cen¬ 
tered  around  180  degrees  at  the  bottom  (large  scan  radius)  of  the  image.  The  edge  also  produces 
some  areas  of  yellow  and  orange  (positive  signal  polarity)  toward  the  bottom  of  the  image  and  a 
region  of  yellow  around  180  degrees  near  the  top  (small  radii)  of  the  image  [Fig.  45(C)].  The  3.8- 
mm  flaw  [Fig.  45(A)]  produces  a  distinct  high-amplitude  (red)  region  around  180  degrees  near  the 
top  of  the  image,  and  the  2.5-mm  flaw  [Hg.  45(B)]  produces  a  moderate-amplitude  (orange)  regicm. 
The  3.8-mm  flaw  produces  a  distinct  peak  in  a  strip-chart  signal;  and  tiie  2.5-mm  flaw  also  produces 
a  distinct  peak,  although  it  is  more  diffuse.  Both  flaws  are  readily  detectable  and  can  be  distin¬ 
guished  from  the  edge. 

AiKXherf)(Roach  topresmtatitxi  of  the  image  is  to  remove  the  portion  near  the 
bottom,  which  contains  much  of  the  edge  signal.  The  result,  shown  in  Fig.  46,  was  made  from  the 
same  data  as  Fig.  45  but  only  shows  the  data  at  small  radii.  The  color  scale  is  also  slightly  different 
from  Fig.  45.  Here,  little  signal  from  the  edge  is  seen,  and  the  flaw  signals  ate  distinct. 

(2)  First-Laver  Edye — Data  from  holes  17, 18,  and  19  in  specimen  A  with  the  inter¬ 
mediate  (16-mm)  hole-to-first  layer  edge  spacing  ate  shown  in  Figs.  47(A),  47(B),  and  47(C), 
respectively.  The  edge  and  flaws  are  at  180-degree  circumferential  location  in  the  image.  The 
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signal  from  the  first-layer  edge  is  much  stronger  than  that  from  the  second-layer  edge.  The  color 
scale  was  adjusted  somewhat  to  make  the  flaw  signals  more  iq>parent  Tfre  scale  ran^s  £n»n  0  to 
12;  therefore,  the  aidre  negative  poiti<m  of  the  signal  is  daric  blue  in  the  color  image.  The  edge  i»o- 
duces  a  similar  pattern  as  did  the  second-layer  edge.  i.e..  a  dark  blue  region  near  the  bottom  of  the 
image  (large  radii).  The  3.8-  and  2.S-mm  flaws  ate  ai^)arent  as  red  and  orange  regions  in  Figs. 
47(A)  and  47(B),  reqwctively.  Hg.  48  shows  the  same  data  as  Fig.  47,  but  with  the  large  radii  scans 
removed  to  show  the  flaw  signals  more  clearly.  The  strip-chart  signals  show  peaks  from  the  flaws, 
but  the  edge  also  produces  a  peak.  The  3.8-mm  flaw  is  significantly  larger  than  that  from  the  edge, 
but  the  2.5-nun  peak  is  <«ly  sli^tly  greater.  In  practice,  consistently  distingtiishing  a  2.5-nun  flaw 
frcun  an  edge  nuy  be  difficult  without  additional  signal  processing. 

The  close  hole-to-first  layer  edge  spacing  (holes  20, 21,  and  22)  was  not  tested 
in  the  6.4-mm-thick  specimen.  However,  data  were  taken  from  the  4.8-mm-thick  specimen,  and 
analysis  of  these  data  indicated  that  flaws  would  be  difficult  to  detect  with  this  spacing  without 
fiirdier  signal  processing. 

(3)  Flaw  Oiienmrinn  rs<>goiid-Layer  EdgeV — ^Data  oluained  frtun  holes  8  and  9  in 
specimen  B  with  a  second-layer  edge  (intermediate  hole-to-edge  spacing)  and  flaws  oriented  90 
degrees  from  the  edge  are  shown  in  Figs.  49(A)  and  49(B).  In  these  figures,  the  flaw  is  at  90 
degrees,  and  the  edge  is  at  180degiees.  The  3.8-mm  flaw  is  very  apparent  in  Fig.  49(A)  as  a  distinct 
ted  area  in  the  unage  and  a  peak  in  the  str4>  chart  at  90  degrees.  The  2.5-mm  flaw  also  is  tqtparent  in 
Hg.  49(B)  as  a  slightly  orange  region  in  the  image  and  a  peak  in  the  strip  chart  at  90  degree,  but 
another  orange  region  and  increase  in  strip-chart  signal  level  also  showed  up  at  180  degrees  where 
the  ec^e  is  located.  The  tuigin  of  the  signal  at  180  degrees  in  Hg.  49(B)  is  not  clear.  Theedgepos- 
sibly  was  the  cause,  but  the  edge  did  not  show  up  in  the  data  in  Fig.  49(A),  which  were  taken  under 
the  same  conditions.  One  possibility  is  off-centering  of  the  probe.  Analysis  of  this  result  will 
require  further  investigation. 

(4)  Adjacent  Fastener  Holes — Data  from  holes  with  adjacent  fasteners  having 
closer  spacing  than  in  the  tests  above  were  obtained  from  holes  16  and  17  in  specimen  B  (spacing 
dimensions  are  shown  in  Fig.  23).  Images  of  the  data  are  shown  in  Figs.  50(A)  and  50(B).  The 
flaws  are  located  at  90  Agrees  in  the  inuige.  The  3.8-  and  2.5-mm  flaws  in  Figs.  50(A)  and  50(B) 
were  aiq>arent  as  red  aiui  slightly  orange  regions,  respectively,  (and  as  positive  peaks  in  the  strip 
chart  signals)  even  though  the  flaws  were  located  toward  adjacent  fasteners.  The  spacings  between 
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Figure  48.  Data  from  Fig.  47  with  scans  at  large  radii  removed.  Specimen  A  with  first -layer  edge  at 
180  degrees:  (A)  hole  17  with  3.8-mm  flaw  at  180  degrees:  (B)  hole  18  with  2.5-mm  flaw  at  180 
degrees:  (O  hole  19  with  edge  only.  Color  scale:  0  to  12. 
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the  holes  with  the  flaws  and  adjacent  holes  are  22.2  and  25.4  nun  for  the  2.5-  and  3.8-mm  flaws, 
respectively.  Figs.  50(A)  and  50(B)  also  contain  responses  from  adjacent  holes  at  circumferential 
locations  (270  degrees)  where  no  flaws  exist.  Here,  the  hole  response  is  dark  blue  (negative  polar¬ 
ity)  and  can  be  distinguished  firom  the  positive-polarity  flaw  responses  at  270  degrees.  The  hole-to- 
hole  spacing  at  this  location  (270  degrees)  was  22.2  mm  for  Fig.  50(A),  which  corresponded  to  the 
^>acing  at  the  location  of  the  2.5-mm  flaw  in  Fig.  50(B).  The  spacing  for  Fig.  50(B)  (at  270  degrees) 
was  19  mm,  which  was  closer  than  the  spacing  at  either  of  the  flaw  locations. 

(5)  Fastener  Size — The  data  described  in  the  above  sections  were  obtained  from 
6.4-mm-diameter  fasteners.  Fastener  holes  of  two  different  dianoeters  were  also  tested.  Figs.  51(A) 
and  51(B)  show  images  of  the  data  from  holes  3  and  5  in  specimen  B,  respectively,  for  4.8-  and  7.9- 
mm  fastener  holes.  Both  holes  contained  2.5-mm  flaws,  which  were  readily  {parent  in  the  image  as 
a  red  area  at  180  degrees. 

(6)  Steel  Fasteners — Th:  modeling  {uedicted  that  the  segment-core  probe  configura¬ 
tion,  when  used  with  steel  (magnetic)  fasteners,  would  produce  a  region  of  high  current  density  near 
each  edge  of  the  probe  outer  leg  with  a  reduced  density  in  the  center  (Fig.  10).  An  alternate  probe 
design  (Fig.  1 1)  was  shown  to  produce  a  single  region  of  high  current  density  under  the  center  of  the 
outer  leg.  Experimental  results  with  the  segment-core  probe  using  the  preliminary  specimens  indi¬ 
cated  that  the  result  predicted  by  the  model  occurred  with  very  thin  fu^t  layers,  but  with  thicker 
layers,  a  response  similar  to  one  from  nonmagnetic  fasteners  was  obtained.  Because  of  this  result, 
and  the  complexity  and  predicted  low  eddy  current  density  of  the  alternate  probe  design,  the  experi¬ 
ments  proceeded  with  the  segment-core  probe. 

Some  difficulty  was  encountered  with  steel  fasteners,  primarily  because  the 
magnetic  response  of  the  steel  fastener  caused  errors  in  centering  the  probe  (using  the  centering  pro¬ 
cedure  described  in  subsecticm  3.4.2)  over  the  fastener.  The  magnetic  response  was  nonuniform,  and 
in  some  cases,  residual  magnetic  fields  were  present  in  the  fastener.  This  resulted  in  the  centering 
error  where  the  probe  was  actually  located  off  true  center,  even  though  the  centering  procedure  indi¬ 
cated  it  was  centered.  Evidence  of  the  centering  problem  was  apparent  if  the  probe  were  centered 
when  a  titanium  fastener  was  located  in  the  hole.  If  the  titanium  fastener  were  replaced  with  a  steel 
one,  the  centering  operation  would  place  the  probe  in  a  physically  different  location.  In  some  cases, 
some  inqirovetnent  could  be  made  by  demagnetizing  the  fastener  before  centering.  The  spurious  sig¬ 
nals  caused  by  off-centering  would  tend  to  mask  the  flaw  signals. 
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As  described  in  subsecticm  3.2.1,  the  use  of  a  conductive  shield  was  investigated 
as  a  means  of  reducing  the  direct  flux  path  between  the  fastener  head  and  sensor  coil.  We  believed 
that  the  flux  path  from  the  center  leg  diiough  the  fastener  head  and  to  the  outer  leg  (as  well  as  the  sen¬ 
sor)  could  aggravate  the  centering  problem.  The  problem  occurred  because  the  magnetic  fastener 
head  would  make  this  a  much  more  preferable  path  than  with  a  nonmagnetic  fastener.  Variations  in 
the  magnetic  response  of  the  fastener  head  would  then  make  a  large  contribution  to  the  sensed  signal 
through  this  path. 


The  probe  was  nKxlified  by  adding  a  copper  ring  concentric  with  the  center  leg 
of  the  exciter  core  and  located  between  the  center  leg  and  the  sensor.  This  did  not  significantly  help 
the  centering  situation,  but  did  reduce  the  direct  coupling  of  the  exciter  magnetic  field  into  the  sen¬ 
sor.  With  this  coupling  reduced,  the  an^lifier  gain  could  be  increased  as  well  as  the  ratio  of  flaw- 
signal  amplitude  to  electronic  noise  amplitude. 

Tests  were  conducted  using  the  conductive  shield  with  steel  fasteners  in  holes  9, 
10,  and  1 1  in  specimen  A  (Fig.  52)  with  6.4-mm-thick  layers;  these  holes  are  located  near  a  second- 
layer  edge.  Figs.  52A,  52B,  and  S2C  show  data  obtained  from  these  three  fastener  holes,  respec¬ 
tively.  In  these  color  images,  the  3.8-mm  flaw  (Rg.  52A)  showed  up  well  as  a  red/orange  region  at 
180  degrees  in  the  scan  (the  location  of  the  flaw  and  the  second-layer  edge).  The  hole  with  the  2.S- 
mm  flaw  (Rg.  S2B)  showed  an  (xange  region,  which  looked  similar  to  a  flaw  response,  except  it  was 
not  located  at  the  flaw  position  at  180  degrees.  The  unflawed  hole  also  showed  as  a  yellow  region, 
which  could  be  caused  by  the  second-layer  edge  except  it  is  not  at  the  edge  location.  Also,  the  por¬ 
tion  of  the  image  from  small  scan  radii  (primarily  R=0)  showed  a  large  color  variation  from  red/ 
orange  to  blue  (especially  for  holes  9  and  10).  This  indicated  a  large  fluctuation  in  signal  when  the 
probe  was  near  the  fastener;  these  signal  fluctuations  were  not  related  to  the  presence  of  flaws. 

Examination  of  the  strip-chart  signals  from  the  fourth  scan  row  (R=1.9  mm, 
location  of  the  small  rectangle  in  the  image)  showed  signal  shapes  resembling  a  sine  wave.  We 
believe  this  is  a  result  of  the  probe  rotation  being  off  the  fastener  center,  as  noncentered  scans  have 
been  shown  to  give  a  sinusoidal  response.  For  an  off-center  scan  of  a  flawed  hole,  the  result  was  a 
sinusoidal-shaped  signal  with  the  flaw  signal  superimposed  on  it.  Depending  on  where  the  flaw- 
signal  peak  occurred  with  respect  to  the  positive  peak  in  the  sinusoid,  the  flaw  may  or  may  not  be 
detected  above  the  sinusoidal  background  signal. 
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Mixing  was  s^lied  to  the  data  in  Fig.  52  using  a  combinatitMi  of  data  taken  at 
500  Hz  and  2  kHz,  and  the  results  are  shown  in  Fig.  53.  Although  the  scale  in  Fig.  52  is  different 
fipom  diat  in  Fig.  53  because  of  the  mixing,  the  scale  is  consistent  for  all  of  the  images  in  each  figure. 
The  unflawed  hole  response  in  Fig.  53C  is  now  flatter  in  the  strip  chart,  as  expected;  and  the  corre¬ 
sponding  color  image  shows  no  distinct  signal.  The  3.8-nun  flaw  signal  is  very  jHonounced  in  both 
the  strip  chart  and  color  image  in  Fig.  53A,  and  it  has  a  sharper  peak  than  in  Fig.  52A.  The  signal- 
to-background  ratio  (ratio  of  the  signal  a^^>litude  from  the  flawed  hole  to  that  from  the  unflawed 
hole)  was  apiuoximately  2.6  to  1.  The  2.5-mm  flaw  also  produced  a  recognizable  signal  with  a 
signal-to-background  ratio  of  2  to  1.  These  results  indicated  that  two-fiequency  mixing  can  effec¬ 
tively  remove  the  off-centering  signals  caused  by  the  steel  fasteners. 

5.2.3  85-Degree  Probe  Results  for  WL/MT.T.P  Specimens 

(1)  Specimen  A3-19 — ^Tests  were  performed  on  three  unflawed  and  one  flawed 
fastener  hole  in  specimen  A3-19.  This  specimen  consisted  of  a  4-nun-thick  first  layer  and  a  2.5-mm- 
thick  second  layer,  and  hole  6  contained  a  2.6-nun  fatigue  crack  in  the  bottom  surface  of  the  second 
layer.  The  hole-to-hole  spacing  was  19  mm,  which  is  closer  than  the  closest  spacing  in  specimen  B 
(22.2  mm).  The  eddy  current  response  is  dominated  by  the  signals  from  the  adjacent  fasteners, 
which  produce  large  peaks  in  the  strip-chart  signal  ( and  corresponding  red  regions  in  the  image)  at 
90  and  270  degrees  in  the  scan.  The  closer  spacing  of  these  fasteners  contributes  to  the  large  signals. 
The  signal  from  the  flaw  is  present  at  180  degrees  in  the  response  in  Fig.  54C  and  shows  up  in  the 
strip  chart  as  a  definite  increase  in  the  signal  level  at  180  degrees  compared  to  the  unflawed  holes 
(Figs.  54A,  54B,  and  54D).  Unfortunately,  because  of  the  large  signals  fiom  the  adjacent  fasteners, 
the  flaw  signal  is  not  as  distinct  as  in  the  other  specimens  described  previously  because  its  signal 
level  is  not  greater  thiOi  the  fastener  signals.  Other  contributing  factors  may  be  that  the  flaw  re¬ 
sponse  is  reduced  because  the  flaw  is  a  crack  instead  of  a  notch  and  that  mote  of  the  crack  interfacial 
area  is  located  toward  the  bottom  side  of  the  second  layer. 

In  the  color  image,  the  flaw  does  tqppear  as  a  change  to  orange  color  at  180 
degrees  ctunpared  to  the  unflawed  holes,  which  are  blue  to  green.  Thus  the  flaw  can  be  detected  by 
comparing  the  response  to  adjacent  holes  but  cannot  be  detected  absolutely  without  this  com- 
pariscm. 


Two-fiequency  mixing  was  investigated  as  a  means  for  reducing  the  adjacent 
fastener  sigruds,  but  the  results  did  not  provide  im}uovement.  Because  the  same  mix  coefficients  ate 
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to  all  of  the  scans  in  the  image,  the  varimion  in  re^)onse  from  one  scan  to  the  next  may  be 
too  laige  fw  a  single  mix  to  accommodate.  A  more  effective  a{^xoach  may  be  to  ^ly  a  separate 
mix  to  each  scan  and  then  to  comtnne  the  result  iitfo  a  single  image.  This  ^^xoach  is  more  con^lex, 
but  each  tni«  would  not  have  to  accommodate  the  large  variation  from  scan  to  scan. 

(2)  Speeimm  SpeciiMn  B3-20  amsisted  of  a  6.9-mm-thick  first  layer  and 

a  4.S>mm-duck  second  layer.  Hole  4  contained  a  2.S-mm  crack  in  the  faying  surface  of  the  second 
layer.  This  hole  and  hole  3,  which  was  unflawed,  were  scanned.  The  flaw  was  not  apparent  in  the 
Hat*  PossiUe  reasons  for  lack  of  sensitivity  to  die  flaw  are  the  same  as  in  the  previous  section,  and 
also  the  first  layer  was  thicker  than  in  the  SwRl  specimens. 

(3)  Specimen  B2-17 — Specimen  B2-17  had  die  same  layer  thicknesses  as  specimen 
B3-20,  but  the  flaws  were  located  in  the  first-layer  countersink  surface.  Fig.  55  shows  the  data  from 
h(rie  6,  which  ccmtained  a  2.5-mm  crack.  The  crack  was  readily  iqipairat  as  die  very  strong  positive 
signal  (distinct  red  region  in  the  image)  at  180  degrees.  This  was  the  smallest  flaw  in  the  specimen. 
This  flaw  was  detected  with  both  250-Hz  and  2-kHz  excitation  frequencies  (2-kHz  response  shown 
in  Hg.  55).  Because  the  signal  appears  in  the  high-frequency  response  (where  the  sectmd-layer  flaw 
^ipeared  at  lower  frequencies  only),  the  flawed  layer  can  be  readily  determined. 

(4)  Specimen  Al-4 — Specimen  AMamtains  a  0.71-mm  crack  in  the  faying  sur¬ 
face  of  the  first  layer.  This  specimen  was  not  scanned  because  it  was  not  likely  xbs^*  the  very  small 
crack  would  be  detected. 

5.2.4  T  iiMMr  Raster  Scan  with  Cup-Car  Probe — The  linear  raster  scan  ^q^oach  is  similar 
to  the  circumferential-radial  scan,  except  that  tlw  probe  is  scanned  linearly  instead  of  circumfer- 
endally  and  indexed  perpendicular,  not  radial,  to  tlK  scan  direction.  The  scans  start  at  a  position 
away  from  the  fastener  hole  and  ate  indexed  so  that  they  pass  over  the  hole  and  finally  to  the  oppo¬ 
site  side.  The  advantage  of  this  tq>i»oach  is  that  it  is  not  necessary  to  align  the  scan  with  respect  to 
the  fastener  hole. 

With  this  scanning  apinoach,  a  large  signal  is  obtained  when  the  probe  scans  over  the 
fastener,  and  the  fastoier  hole  is  very  pronounced  in  the  image.  Flaw  signals  appear  as  a  distortion 
in  the  shape  of  the  pattern  from  the  bole.  Limited  data  were  taken  in  order  to  (femonstrate  the  feasi¬ 
bility  of  diis  q)proach. 
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Fig.  56  shows  images  generated  6om  a  linear  raster  scan  of  the  preliminaiy  specimen, 
as  shown  in  Fig.  31;  the  top  layer  thickness  was  3.2  mm  The  data  were  taken  with  excitation  fre¬ 
quencies  of  500  Hz  and  2  kHz,  and  the  data  at  these  frequencies  were  mixed  to  reduce  the  effect  of 
the  edge  and  hole  gecnnetries.  The  image  in  Fig.  56(A)  is  from  a  fastener  hole  with  a  5.2-tnm  flaw  at 
the  right  side  of  the  hole.  The  round  spot  in  the  image  is  from  the  response  to  the  hole,  and  the  bulg¬ 
ing  of  the  image  to  the  right  side  is  from  the  flaw.  Figs.  56(6)  and  56(C)  are  with  a  second-layer 
edge  only  and  a  second-layer  edge  plus  the  flaw.  The  edge  shows  up  primarily  as  a  band  of  dark 
blue,  and  the  flaw  causes  a  more  pronounced  bulging  in  the  hole  response,  as  shown  in  Fig. 
56(C). 


5.2.5  Summary  of  Test  Results — ^An  overall  summary  of  the  results  obtained  on  the  SwRI 
and  WL/MLLP  specimens  is  given  in  Table  2.  The  table  gives  the  specimen  and  flaw  characteristics 
fOT  the  tests  performed  and  states  the  extent  of  flaw  detectability.  In  most  cases,  the  project  goal  of 
detecting  a  2.5-tnm  second-layer  flaw  through  a  first-layer  thickness  of  6.4  mm  was  achieved.  This 
included  structure  geometries  containing  second-layer  edges,  first-layer  edges,  adjacent  fasteners, 
different  fastener  sizes,  different  flaw  orientations  around  the  hole,  and  fasteners  of  different  mate¬ 
rials  (titanium  and  steel).  In  the  case  of  a  first-layer  edge,  where  detection  of  a  2.5-mm  flaw  was 
marginal,  a  3.S-mm  flaw  was  readily  detectable.  In  specimens  supplied  by  WL/MULP,  where 
adjacent  fasteners  were  spaced  more  closely,  a  2.5-mm  flaw  was  detected  through  a  4.5-mm  first 
layer,  although  the  response  was  dominated  by  signals  from  the  adjacent  fasteners.  In  this  case,  it 
was  necessary  to  compare  the  signal  pattern  to  those  from  other  fasteners  to  determine  the  presence 
of  the  flaw.  In  a  similar  specimen  with  a  6.9-mm  first  layer,  a  2.5-mm  flaw  was  not  detected.  Also, 
a  2.5-mm  first-layer  flaw  was  detected. 
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NOTES; 

Dimensions  are  in  mm. 

Dimensions  for  fastener  spacing  are  to  fastener  centerline. 
♦Y-Yes;  M=Yes,  but  marginal;  N=No 


6.  ADDITIONAL  REQUIREMENTS  FOR  A  FIELD  INSPECTION  SYSTEM 


The  breadboard  system  configured  for  use  in  this  project  consisted  piimaiily  of  existing  laboratory 
equipment,  instrumentation,  and  computers  and  was  not  intended  as  a  field-usable  system.  For  the 
laboratory  equipment  to  be  developed  into  such  a  system,  items  such  as  the  inspection  scanning 
approach  and  procedures  would  need  to  be  addressed  as  weU  as  the  components. 

Two  inspection  modes  were  demonstrated;  (1)  a  high-sensitivity  mode  that  uses  circumferential 
scans  and  (2)  a  lower  sensitivity  mode  that  uses  linear  raster  scans.  The  circumferential  nuxle  could 
be  used  where  a  single  scan  is  made  at  a  fixed  increment,  but  more  information  for  discriminating 
between  flaws  and  structure  is  obtained  using  two-dimensional  scanning  where  circumferential  scans 
are  made  at  multiple  radial  positions.  Circumferential  scanning  requires  careful  centering  of  the 
probe  over  the  fastener,  and  can  only  scan  a  single  fastener  at  a  time.  The  linear  mode  requires  only 
coarse  positioning  with  the  fastener  located  in  a  scan  window  and  could  allow  scanning  of  several 
fasteners  at  a  time. 

A  field  system,  therefim,  could  take  any  or  all  of  the  following  fixms,  depending  on  the  desired  char¬ 
acteristics:  (1)  drcuinfarential  scanning  with  the  probe  at  a  single  radial  position,  (2)  circumferential 
scanning  with  radial  incrementing,  and  (3)  linear  raster  scanning.  Regardless  of  the  form,  the  system 
would  consist  of  the  following  components;  (1)  probe,  (2)  mechanical  scanner,  and  (3)  instrumen¬ 
tation,  which  are  described  below. 

6.1  PROBE 


6.1.1  Circumferential  .Scan — The  8S-degree  segment  probe  design  developed  in  this  (Hoject 
would  be  used  for  both  circumferential  scan  modes.  For  durability  and  protection,  the  {Hobe  would 
be  potted  in  epoxy  and  mounted  in  a  holder,  which  would  attach  to  the  scanner.  This  probe  could  be 
used  for  both  nonmagnetic  and  magnetic  fasteners,  but  it  would  be  beneficial  to  investigate  an 
improved  probe  design  for  magnetic  fasteners  that  could  possibly  improve  the  centering  capa¬ 
bility. 


6.1.2  Linear  Scan — For  the  linear  raster  scan  mode,  the  cup-core  probe  developed  in  this 
project  would  be  used.  A  smaller  version  should  also  be  designed  to  improve  resolution.  As  with 
the  segment  probe,  the  probe  would  be  potted  in  epoxy  and  mounted  in  a  holder  which  would  attach 
to  the  scanner. 
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6.2  MECHANICAL  SCANNER 


6.2. 1  Circumferential  Scan — A  motor-driven,  rotating  probe  head  for  circumferentially 
icranning  the  ptobe  would  be  necessary.  For  the  single-scan  mode,  the  probe  would  be  mounted  at  a 
fixed  radius.  For  multiple  scans  at  different  radii,  a  mechanism  would  be  needed  to  place  the  probe 
at  a  fixed  radius  (while  scanning  circumferentially)  for  centering  and  then  to  scan  circumferentially 
for  one  revolution  at  a  given  radius,  increment  to  a  new  radius  and  scan  for  one  revolution,  and 
repeat  the  process  for  up  to  10  different  radii.  This  could  be  accorr^lished  with  a  cam-type  arrange¬ 
ment;  the  cam  would  be  disengaged  for  the  centering  operation  and  then  engaged  to  perform  the 
radial  incrementing. 

6.2.2  Linear  Scan — ^The  linear  scan  would  require  a  scanning  system  to  perform  a  linear 
raster  scan;  that  is,  the  probe  would  be  scanned  lir^arly  and  incremented  in  the  transverse  direction. 
A  small  scanner  could  be  developed  to  perform  this  motion  over  an  area  of  several  square  inches;  it 
would  be  interchangeable  with  the  instrumentation  for  the  circumferential  scan. 

An  alternate  qrproach  that,  in  concept,  appears  very  attractive  for  implementing  the  linear 
scan  would  be  to  use  the  McDonnell  Douglas  MAUS  m  system  which  is  currently  being  developed 
for  WITMLIP.  The  MAUS  HI  has  a  hand-held  scanner,  which  is  moved  forward  manually  and 
provides  a  side-to-side  linear  probe  motion;  the  result  is  a  linear  raster  scan.  An  eddy  current  probe 
(such  as  the  linear-scan  cup-core  probe  developed  in  this  project)  could  be  readily  mounted  on  the 
scanner.  Also,  the  system  contains  eddy  current  instrumentation  and  signal-processing  capability, 
which  provide  a  color  image  of  the  scan  area  in  a  similar  format  as  used  in  this  project.  Provided 
that  the  eddy  current  instrumentation  and  signal-processing  curability  of  the  MAUS  m  is  conqratible 
with  the  second-layer  requirements,  it  should  be  relatively  straightforward  to  use  this  system  as  a 
platform  for  second-layer  inspection. 

6.3  INSTRUMENTATION 

The  same  instrumentation  would  be  applied  to  the  circumferential  and  linear-scan  inspections. 
The  instrumentation  would  consist  of  multifiequency  eddy  current  instrumentation  (fiequency  range 
of  250  Hz  to  5  kHz)  capable  of  reflection  coil  operation,  preamp  for  the  sensor-coil  signal,  analog- 
to-digital  converter,  and  notebook-type  computer.  A  breadboard  system  capable  of  field  use  could 
be  configured  primarily  from  off-the-shelf  instrumentation  for  additional  testing,  as  described  in  the 
reconunendations  section. 
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6.4  REQUIREMENTS  FOR  TITANIUM  SKIN  INSPECTION 


Inspecti(»i  of  titanium  alloy  aircraft  skin  (as  0[^K)sed  to  the  7(X75-T6  aluminum  alloy  tested  in 
this  (HToject)  would  require  adjustments  because  of  the  much  lower  conductivity  of  the  titanium 
(about  a  factor  of  30).  To  maintain  the  same  dtin  depths  as  in  the  aluminum,  the  excitatitm  frequen¬ 
cies  must  be  increased  by  about  a  factor  of  30.  The  same  probe  configurations  could  be  used,  but  the 
coils  would  require  redesigning  for  the  higher  frequency. 

factor  could  change  the  current  distribution  around  the  fastener  somewhat  and,  thus, 
possibfy  alter  the  flaw  and  structure  responses.  This  factw  is  associated  with  die  conductivity  of  the 
skin  conq)ated  to  that  of  the  fastener.  Fbr  aluminum  skin  and  a  titanium  fastener,  the  current  would 
tend  to  flow  in  the  aluminum  (where  the  flaw  is  located)  instead  of  in  the  fastener  because  its  con¬ 
ductivity  is  much  higher  than  that  of  the  fastener.  This  can  be  seen  in  the  modeling  results  in  this 
report  For  the  case  of  titanium  skin  and  a  titanium  fastener,  both  matfriak  have  the  itame  ccmduc- 
tivity;  thus  the  current  would  not  flow  preferentially  in  the  skin.  Mcne  current  may  flow  in  the 
fastener,  however,  and  the  current  density  in  the  flaw  region  miqr  be  reduced— possibly  resulting  in  a 
reduced  response  from  the  flaw.  Some  addititmal  stu^  would  be  needed  to  determine  the  sevoity 
of  this  effect 
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7.  CONCLUSIONS 


(1)  The  best  flaw  detection  and  discrimination  among  flaws  and  structure  was  obtained  using  an 
85-degree  segment  probe  with  an  air-core  sensor  positioned  next  to  the  exciter  outer  leg  and 
oriented  to  detect  the  magnetic-field  con^iunt  vertical  to  the  specimen  surface. 

(2)  Although  chirp  excitatitm  was  shown  to  be  viable,  it  did  not  offer  significant  advantages  over 
multiple,  discrete  frequency  excitation,  which  allowed  simpler  instrumentation  and  signal 
analysis. 

(3)  Two-dimensional  scanning  using  circumferential  scans  around  the  fastener  and  increments  in 
the  radial  diiecticm,  combined  with  colw  imaging  of  the  data,  improved  discriminaticMi  between 
flaws  and  structure.  This  rqipoach  takes  advantage  of  tue  c^>ability  of  the  human  eye  to 
recognize  patterns  from  flaw  and  defect  signals. 

(4)  Although  two-dimensional  scanning  is  the  i»eferred  scan  mode  and  provides  more  spatial 
infonpation  to  help  distinguish  flaws  and  structure,  flaw  detection  can  also  be  accomplished 
using  only  a  single  circumferential  scan  at  a  fixed  radius  and  examining  the  “strip-chart” 
presentation  of  the  signal.  The  optimum  radius  for  a  single  scan  was  shown  to  be  with  the 
center  leg  of  the  pobe  moved  somewhat  off  the  fastener  centerline. 

(5)  In  the  breadboard  evaluaricm,  the  project  goal  of  detecting  a  2.S-mm  second-layer  flaw  through 
a  first-layer  thickness  of  6.4  mm  was  achieved  in  eight  of  the  nine  specimen  configurations 
(with  diis  layer  thickness)  evaluated.  The  evaluation  included  structure  geometries  containing 
sectmd-layer  edges,  first-layer  e<^es,  adjacent  fasteners,  different  fastener  sizes,  different  flaw 
orientations  around  the  hole,  and  fasteners  of  different  materials  (titanium  and  steel).  In  the 
case  of  a  first-layer  edge,  where  detection  of  a  2.S-mm  flaw  was  marginal,  a  3.8-mm  flaw  was 
readily  detectable.  In  addititnial  specimens  supplied  by  WITMLIP,  where  adjacent  fasteners 
were  spaced  more  closely,  a  2.5-mm  crack  was  detected  through  a  4.5-mm  first  layer  by 
onnpating  the  signal  patterns  fiom  adjacent  holes.  This  was  necessary  because  of  the  strong 
signals  from  adjacent  fasteners.  In  a  similar  specimen  with  a  6.9-mm  first  layer,  a  2.S-mm 
flaw  was  not  detected.  Also,  a  2.5-tnm  first-layer  flaw  was  detected. 
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(6)  Limited  data  taken  with  a  symmetrical,  cup-core  probe  using  linear  raster  scans  and  color 
imaging  showed  die  potential  for  a  rapid  inspection  that  requires  essentially  no  probe  align¬ 
ment,  except  to  position  the  fastener  within  the  scan  window.  Although  raster  scanning  may 
iK>t  achieve  the  same  sensitivity  as  circumferential  scanning,  this  approach  would  provide  a 
much  simpler  and  faster  inspection. 
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8.  RECOMMENDATIONS 


(1)  Validtfe  the  circumferential  scan  technique  on  a  larger  specimen  set  consisting  of  actual  air¬ 
craft  stnicture.  This  will  allow  additicmal  verificatimi  of  the  technique  before  develoinnent  into 
an  actual  inspecticm  system.  The  validation  could  be  acconqilished  in  the  laboratory  with  the 
existing  Ineadboard  using  small  specimens  cut  from  aircraft  structure  or  Air  Force  NDI  test 
specimens  representative  of  different  aircraft  structure.  Altonately,  a  portable  scanning  head 
frxr  the  breadboard  system  could  be  develt^ied  and  used  on  larger  specimens  and  on  actual 
aircraft. 

(2)  Develop  a  smaller  probe  that  would  provide  higher  resolution  and  sensitivity  for  the  linear 
raster  scan  iqiproach.  Because  only  limited  effort  was  devoted  to  design  of  this  probe,  3 
revised  design  should  provide  in^noved  results. 

(3)  Invesdgatethefeasibility  of  ccxnhining  die  linear  raster  scan  technology  developed  in  this  pro¬ 
gram  with  die  McDonnell  Douglas  MAUS  m  system  (currendy  being  developed  for  WL/ 
MLLP).  This  system  could  provide  the  mechanical  scanning,  and  possibly  the  instrumentation, 
needed  to  inqilement  a  high-speed  second-layer  inspection. 

(4)  Develop  an  improved  multifrequency  mixing  ^iproach,  possibly  using  a  separate  mix  for  each 
scan  radius,  to  better  remove  the  signals  from  adjacent  first-layer  structure  such  as  edges  and 
adjacent  fastener  holes. 

(5)  Investigate  an  improved  probe  design  for  magnetic  fasteners.  The  approach  would  be  to 
reduce  die  amount  of  magnetic  flux  that  is  induced  in  the  fastener  so  that  variations  in  fastener 
response  have  a  reduced  effect  on  the  EC  signal. 

(6)  Determine  the  aircraft  and  structures  requiring  second-layer  inspection  and  determine  where 
the  technology  developed  in  this  project  could  be  applied. 
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APPENDIX 

Description  of  WL/MLIP  Specimens  AM,  A3>19,  B2-17,  and  B3-20 
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SPECIHEH  IDPrnriCATIOW 


FIGURE  1.  SPECIMEH  COHFICURATION 
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B.  Top  Sheet  «  0.270  «  t^ 
Bottom  Sheet  -  0.176  «  C2 
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Cracked 
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Cracked 


. .  Crack  Length,  Inch 
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CRACK  LENGTH  AND  CRACK  LOCATION  AND  STEEL  FASTENER  LOCATION  DATA  FOR  NDI  STANDARDS 

HAVING  0.100-INCH  AND  0.156-INCH  THICKNESS  COMBINATION 


CRACK  LENGTH  AND  CRACK  LOCATION  AND  STEEL  FASTENER  LOCATION  DATA  FOR  NDI  STANDARDS 

HAVING  0. 100-INCH  AND  0. 156-INCH  THICKNESS  COMBINATION 
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CRACK  LENGTH  AND  CRACK  LCX:ATI0N  AND  STEEL  FASTENER  LOCATION  DATA  FOR  NDI  STANDARDS 

HAVING  0.176-INCH  AND  0.270-INCH  THICKNESS  COMBINATION 


CRACK  LENGTH  AND  CRACK  LOCATION  AND  STEEL  FASTENER  LOCATION  DATA  FOR  NDI  STANDARDS 
HAVING  0.176-INCH  AND  0.270-INCH  THICKNESS  COMBINATION 
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